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1.  Introduction 


This  report  is  intended  to  give  a complete  unified 
discussion  of  the  electromagnetic  response  of  a plane  stratified 
structure.  The  geophysical  literature  is  full  of  various  bits 
and  pieces  of  analysis.  Most  often  these  papers  deal  with  very 
specific  problems,  i.e.  vertical  magnetic  dipole  over  a 
conductive  2 layer  earth.  The  objective  of  this  report  is 
two-fold.  First  a detailed  and  comprehensive  analysis  of  the 
theoretic.il  parts  of  the  electromagnetic  response  is  given  with 
the  emphasis  on  the  physical  meaning  of  the  somewhat  messy 
mathematical  expressions.  An  attempt  is  also  made  to  use  a 
meaningful  notation,  which,  hopefully,  is  not  too  cluttered. 

With  a clean  compact  development  of  the  theory  in  hand,  the 
more  interesting  and  much  more  difficult  problem  of  actually 
using  it  will  be  tackled.  It  is  at  this  point  where  the 
particular  problem  at  hcind  must  be  considered.  The  actual 
theoretical  expressions  for  the  fields  in  a stratified 
medium  can  be  obtained  in  closed  form  and  take  the  form  of 
Hankel  transforms  or  2-dimensional  Fourier  transforms.  The 
numerical  problem  of  actually  computing  numbers  for  the 
electromagnetic  field  strengths  is  that  of  performing  some 
type  numerical  or  approximate  quadrature  technique  to 
evaluate  the  integrals  describing  the  fields.  The  particular 
context  of  most  interest  here  is  the  response  of  low-lors 
dielectric  media.  Much  of  the  numerical  analysis  is,  therefore, 
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devoted  to  problems  in  this  area.  The  analysis  of  conductive 
media,  while  quite  different  in  behaviour  and  geophysical 
interest,  is  not  very  far  removed  from  the  theoretical  analysis 
and  the  numerical  difficulties  are  not  as  accute  as  for  the 
low-loss  problem.  While  these  problems  will  not  be  analysed 
in  detail,  a few  side  excursions  into  some  interesting  points 
will  be  made. 

2.  Basic  Physics  & Mathematical  Descriptions 

The  basic  physics  of  electromagnetic  theory  is  totally 
wrapped  up  mathematically  when  Maxwell’s  equations  and  the 
constitive  equations  are  written  down.  While  the  details  from 
this  point  on  are  usually  specific,  a wide  variety  of  interesting, 
and  at  first  glance,  unrelated  phenomena  pop  out  when  these 
equations  are  manipulated  about.  It  is  the  physical  interpretation 
and  understanding  of  the  results  obtained  from  the  mathematically 
simple  basic  equations  which  exciting.  In  fact,  in  the 
last  eighty  years,  these  basic  equations  have  provided  food  for 
thought  and  controversy  of  some  of  the  most  brilliant  minds. 

Even  many  of  these  people  have  missed  the  beauty  of  the  analysis 
and  have  gotten  too  wrapped  up  in  the  details  to  appreciate  the 
subtlj  unity  of  the  various  facets  of  Maxwell's  mathematical 
description  of  basic  electromagnetic  phenomena. 

The  analysis  from  here  on  will  be  conducted  using  the 
rationalized -ftflS  system  of  units.  The  time  dependent  form  of 
Maxwell's  equations  is 


1. 


7XE  = - 3B 

3t 

(2-1) 

PxH  = 

7 + 3D 
3t 

(2-2) 

y.D  = q 

(2-3) 

V.B  = 

0 

(2-4) 

In  order  to  completely  define  an  electromagnetic  problem 
(no-mechanical  coupling  here)  the  constitive  equation 
introducing  the  electromagnetic  properties  of  media  when 
treated  on  the  continuum  scale  are  required.  These  equations  are 


S'  = 

y'H 

y.Mg 

(2-5) 

* — 

'^s 

(2-6) 

J ~ 

OE 

5 = 

^s 

(2-7) 

E,  D,  B,  H,  J have  their  conventional  meanings;  q is  the 
electric  charge  density;  \i\  o*  are  the  permeability, 
permittivity  and  electrical  conductivity  subscripts  o (i.e. 
are  used  to  indicate  free  space  values  ; Rs»  Ps  are  impressed 
magnetic  and  electric  dipole  moment  densities  and  Jg  is  an 
impressed  electric  current  density. 

For  time-varying  problems  it  is  convenient  to  define 
generalized  electric  and  magnetic  source  current  densities 
namely 

fs  = Jg  + 3Pg  (2-8) 

i 9t 

i 

% = y,  3M,  (2-9) 

I 

f 

f 

I 

i 

I 


Now,  combining  Maxwell's  equations  with  the  linear  isotropic 
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constitive  equations  (2-5, -6  and  -7)  one  has 
9kE 


(2-10) 

at 


plus  the  continuity  equations 


cxH  » cE  +e'jME  + Js 

at 


(2-11) 


« “^‘T-  - ~ - E.^70' 

^t 

+ a C>yH  » 0 
^t 


(2-12) 


(2-13) 


or  y^  9,M-  + ^.yH  = 0 

For  most  applications,  the  response  of  sinusoidally  time 
vairying  fields  is  of  most  interest.  The  individual  sinusoidal 
responses  can  be  built  into  transient  responses  with  the  aid  of 
the  Fourier  integral.  The  following  time-frequency  Fourier 
transform  pair  is  adopted  for  the  rest  of  the  analysis 


00 

f(t)  = • ( 

d(# 

(2-14) 

f(t) 

f(»)  * 

dt 

(2-15) 

Upon  Fourier  transformation,  the  frequency  domain  equations 
become 

?xf  » jwuH  + ^ (2-16)  - ((T-  j«c*)E  + Jg  (2-17) 

q ■ + 7.J  + 5.c?E  (2-18) 

- jl»U.yH  » o (2-19) 

For  time**varying  field  analysis,  it  is  convenient  to  lump 

electrical  conduction  and  displacement  currents  into  one  term 

by  defining  the  complex  permittivity 


e'(1  + j 2_) 

«,e* 


C “ 


(2-20) 
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or  the  complex  conductivity 

» (o'  - jWe*)  (2-21) 

In  the  following,  the  complex  permittivity  is  adapted 

since  the  primary  applications  will  be  to  low- loss  dielectrics. 

The  electric  loss-tangent  is  defined  as 

tan6  = £_  (2-22) 

tor* 

Therefore 

£ = e*(l  + j tan6e)  (2-23) 

In  addition,  time-varying  magnetic  losses  are  introduced 
by  defining  a complex  permeability  with  an  analogous  form 
to  C,  namely , 

y * u'(l  + j (2-24) 

With  this  formalism  of  getting  notations  clear,  one  can  now 
get  down  to  the  business  at  hand. 

The  frequency  domain  wave  equations  for  the  T and  H field 
are  obtained  by  taking  the  curl  of  equations  (2-16)  and  (2-17) 
with  the  result. 

VxuxE  - k^E  + jWH  X vu  *s  jWyJs  V X (2-25) 

and 

?xvxS“  - k%  - j%»  E X vg  = ^ X Js  (2-26) 

where  k ■ i»JTir  is  the  propagation  constant.  The  symmetrical 
form  of  equations  2-25  and  2-26  is  a result  of  the  careful  choice 
of  definitions  developed  above. 

The  terms  Hx7y  and  Sxvc  enter  since  y and e may  be  functions 
of  spatial  position.  In  the  following  analysis  y and c will  always 
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be  taken  as  constant  in  various  spatial  regions  with  step 
discontinuities  between  the  regions.  The  terms  ilxwy  and 
Exvt  are  dropped  from  the  equations.  These  terms  are 
essentially  replaced  by  the  usually  boundary  conditions  at 
the  interfaces  between  the  two  regions,  namely,  continuity 
of  normal  B,  D,  J and  tangential  E and  H fields. 


3.  Hertz  Potentials,  Point  Sources  and  Particular  Solutions 

a)  Hertz  Vector  Potentials 

At  this  point  in  the  analysis  it  is  of  interest  to 

consider  the  case  of  a source  in  a whole-space  of  constant 

material  properties.  This  leads  immediately  to  the  concept  of 

Hertz-potentials.  The  natural  manner  to  progress  is  to 

consider  the  electric  field  from  electric  currents  and  the 

magnetic  fields  for  magnetic  currents. 
vxv  XE  - k^E  « +jWuTs 

vxv  xH  - k^H  » (3-2) 


These  equations  are  mathematical ly  equivalent  and  are 
transverse  vector  wave  equations. 

Since  a vector  field  can  be  split  into  transverse  and 
longitudinal  components , 


one  has 


E - E^  + Et 

(3-3) 

iixE^*0  t7*E^  = 0 

(3-4) 

ft  ” Jt^Et  “ 3^^Tst 

(3-5) 

- k^E^  ■ 

(3-6) 

) 


i ’ 
i * 


s 

1 


1 
M ’ 
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A similar  decomposition  of  the  H field  and  Mg  can  be  written 
down. 

In  this  context,  the  transverse  component  of  E satisfies 
the  transverse  vector  wave  «*quation  while  e<  and 
are  linearly  related.  A much  more  expedient  way  of  developing 
E is  to  define  with  its  longitudinal  and  transveise  components 
in  terms  of  a single  vector  field,  namely. 


E « 

(I  + 

(3-7) 

where 

E^  - 

§2- 

(3-8) 

Et  = 

^e 
® 4 

(3-9) 

(Note;  I is  the  unity  dyadic  or  tensor) 


TTg  is  known  as  the  electric  Hertz  potential  and  satisfies 
the  total  vector  wave  equation 

vxvxle  - vv.ITg  - k2  TTg  = j«w~s  (3-10) 

+ k2  Ifg  . - jopS^s  (3-11) 

where  « - wco  x + W it  tWe  Laplacian  operator 

Thus  ]fg  satisfies  the  vector  Helmholtz  equation  (wave  equation 

with  time  dependence  transformed  out) . 

Similarly,  if  can  be  expressed  in  terms  of  a magnetic  Hertz 
potential 

% 

H « (I  + VO).  Im  (3-12) 

F 

V^lTm  k^  ir^  » jwf^  (2!  3) 
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The  electric  and  magnetic  fields  associated  with  the  magnetic 
and  electric  currents  are  obtained  from  the  Hertz  potentials 
as  follows 

ffjg  - ^ X E = 6x!Tp  (3-14) 


and  similarly 

EMg  * OxH  *=  gxTTin 
- jw€  -jo*e 

The  total  electric  and  magnetic 

E * ;l  + oo)  . + oxTTm 

® —3-rr 


(3-15) 

fields  are  then  given  by 
(3-16) 


H 


(I  + 5v) 


jwu 


(3-17) 


(b)  Point  Sources 

The  development  of  the  response  of  a system  to  an 
arbitrary  excitation  is  most  easily  done  using  the  Green's 
theory  approach.  In  other  words,  the  response  of  the  system 
to  excitation  at  a point  is  used  to  develop  the  solution  for 
arbitrary  excitation.  In  the  electromagnetic  ccintext,  the 
point  excitation  function  are  point  electric  and  magnetic 
dipoles . 

Thus 

J -6(7  - r')  S (3-18) 

Rs  «fi(r  - r')  S ^3-19) 

where  r'is  t>^e  location  of  the  point  source, 6 is  the  direction 
of  the  dipole  moment  and  6 is  thv  three  dimensional  Dirac  delta 
function. 

Examples ; 

The  point  source  are  basic  building  blocks  for  analysing 
any  other  source  configurations. 
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Electrical  Current t 

A wire  of  infinitesimal  cross  section  carrying  I amps 
of  current  can  be  composed  of  point  dipoles  each  representing 
an  infinitesimal  section  of  the  wire 

3,  - J - II  dl:  5(r  - ?.') 

Time  Varying  Electric  Dipole  Momen*: 

The  electric  cipole  roment  is 

Pg  ■ q dl  6 (r  - r ’ ) 

Tg  » 3Pg  ■ -j«gdT  6(r  - r’^ 

, 

- Idt  6(r  - r ) (3-22)  I « -ji#q  (3-23) 


Time  Varying  Magnetic  Dipole  Moment 

A point  magnetic  dipole  can  be  visualized  as  an 
infinitesimally  small  loop  of  wire  carrying  I amps. 


The  magnetic  dipole  moment  density  is 
defined  as 


1* 


M ■ IdA6(r  - r')  i (3-24)  i - unit  normal  to  dA 

where  XdA  remains  finite  as  dA-»  o in  the  usually  point  source 

sense. 

The  associated  magnetic  current  is 

■ -jteUO  Mg  (3-25) 

■ -jttsuoIdA  6(r  - r‘)  8 


Particular  Solutions 


The  first  stage  of  analysis  before  continving  to  more 
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complex  problems  is  to  find  the  solution  for  the  electric  and 
magnetic  Hertz  potentials  for  a point  source  excitation.  These 
are  denoted  as  the  particular  or  inhomogeneous  solution  to 
the  vector  Helmholtz  equation.  The  basic  partial  differential 
equation  is 


ne[  + 

.ffm) 


= (-f 


(3-26) 


^nei 

.ifm)  1 

It  is  obvious  that  the  particuxar  solution  can  be  expressed  as 


iw/  6 (r  - r' 

j<^e5 


) S 


n = Hp  g 


and  that  lip  satisfies  the  scalar  Helmholtz  equation 

Ip 


+ k^IIp  = -c  6(r  - r') 


(3-27) 


(3-28) 


The  particular  solution  is  the  well  known  spherical  wave  form 


n 


jk|r  - r’ 


4II I r - r * 


(3-29) 


4.  Pleme  Wave  Spectrum  Representation 

In  the  analysis  of  plane  stratified  media , the  plane  wave 
spectrum  approach  is  applied  to  obtain  the  solution  of.  the  boundary 
value.  This  is  the  physical  interpretation  of  the  mathematical 
manipulations.  The  mathematical  basis  for  the  development  are  the 
Fourier  transform  and  Hankel  transform  integrals. 

The  basic  coordinate  systems  to  be  used  in  the  later  analysis 
are  shown  in  figure  4-1.  The  Cartesian  coordinates  are  denoted  by 
(xx  X2  X3)  and  the  associated  unit  vectors  are  (ex  62  ©3) . The 
cylindrical  coordinates  are  denoted  by  (f  (5  , 2 ) and  the  associate 

A 

unit  vector  {p»  ^ » Z ) . The  coordinates  are  related  by 


Xl' 

j 1 

if  cos  (p 

*2  1 

1 ^ I 

[f  sin 

i ^3  ' 

1 ' 

L 2 

(4-1) 
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The  plane  wave  spectrum  is  developed  form  the  Fourier  integral 
starting  with  the  scalar  Helmholtz  equation  of  the  last  section 

■O^np  + k^np  = -(6C(r  - r')) 

and  taking  r'  to  be  the  origin,  the  2-dimensional  Fourier 

transform  pair  are  “ 

1 j(XiXi+X2X2) 

IIp(XiX2X3)  = 4n^  H(XiA2X3)e  dXid>.2  (4-3) 

“j(XiXi+X2X2) 


np(XiX2X3)  = 1]  (XiX2X3)e 


dX]^dX2 


(4-4) 


Combining  4-2  with  4-3,  the  p.d.e.  reduces  to  the  ordinary 
differential  equation  Oy, 

+ (k^  -x2)  Hp  = -C  6(X3)  (4-5) 

dX^^ 


where 


X2  = Xi^  + X| 


The  homogeneous  solutions  to  4-5  have  the  form 

g±j(k2  - X2)’’  X3 

while  the  particular  solution  to  4-5  is 


(4-6) 


np  = 


J(k2  - IX3I 


2v‘5 


as 


• 2j  (k  - X^) 

Defining  If  (j^2«x2)  *5  ' written 

00 

j(XiXi  + X2X2  +^1x3!) 


np  (X1X2X3)  = 1 e_ 

4ir  -»  -2j^^ 


(4-7) 


(4-8) 


e dXj^dX2 


The  rational  for  the  plane  wave  spectrum  terminology  is 
from  the  form  of  4-8.  The  integrained  is  a plane  wave  ( the  final 
factor  in  curly  brackets  is  to  emphasize  the  wave  nature  of  the 
integrand)  and  the  integral  is  over  all  possible  wave  numbers 
in  the  6,  - §2  plane.  In  fact»>»  1 is  the  spectral  amplitude  of 
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np  in  XJ-X2  (X3=0) plane  and  the  amplitude  can  be  continued 
upward  or  downward  in  space  by  multiplication  by  the  factor  ^ ' 

It  is  readily  seen  that  ^ is  the  vertical  component  of  the 
propagation  vector  k=  (Aj^,  ) • 

The  double  Fourier  transform  4-8  is  the  Fourier  form  of 
the  well-known  SOmmerfeld  integral  (1909,  1949),  Watson  (1966). 
Since  the  So.nmerfeld  integral  is  most  often  given  as  a Hankel 
transform,  4-8  will  be  rewritten  in  this  notation. 

Defining  k in  cylindrical  coordinates  (A,0,>'),4-8  becomes 


np  (X1X2X3)  = 1 


?n 


J (Af  cos  ( •'-0)  + 1 z I ) 


4n  o o 


AdAdO 

(4-9) 


Noting  that  the  integral  definition  of  Jn  (Z)  is 

Jn(Z)=i“"F  cos  nvre""  d- 

-o  2v 

cos'^e"^  d-. 


(i)“^  [ 
I? 


(4-10) 


' o 


4-9  can  be  rewritten  as„ 

00 

n (XiX2X3)=  1 \ Ae^'l^l  Jn(AT)  dA  (4-11) 

^ W '0 

which  is  the  Hankel  transform  representation  of  the  Sommerfeld 
integral.  The  evaluation  of  4-11  is  given  by  Watson  (1966) 
13.47.4,  namely. 


( J(bt)  e 


-a(t^  - y^)**  _ g+iyja2  b^ 


(4-12) 


(t2  - y2)»j 


ia2  + b2 


In  the  remaining  discussions  the  Hankel  transform 
notation  is  adopted  since  is  the  point  dipole  sources  of  interest 
have  particularly  simple  angular  symmetries. 
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5.  Plane-Stratified  Medium 

Much  of  the  remaining  discussions  revolve  around  the 
response  of  point  dipole  sources  in  a plane  stratified 
environment.  At  this  point,  the  stratification,  notation, 
and  geometries  will  be  briefly  outlined  in  order  that  these 
details  are  available  for  use  later. 

9 

In  the  geophysical  context,  it  is  common  to  denote  a 
structure  as  consisting  of  N plane  layers.  The  N layer 
notation  here  is  used  to  imply  that  there  are  N + 1 regions 
of  different  material  properties  with  N-1  of  these  regions 
sandwiched  between  2 half-spaces.  Thus  a whole-space  is  a 
0 layer  structure,  2 adjoining  halfspaces  are  a 1 layer 
structure  and  a thin  strip  between  2 halfspaces  is  a 2 layer 
structure. 

The  general  geometry  is  shown  in  Fig.  5-1.  The  planar 
symmetry  is  parallel  to  the  - X2  coordinates.  The  upper 
most  region  is  denoted  region  0 while  the  lowest  layer 
(half-space  bonding  the  structure  on  the  bottom)  is  region  N. 
The  N-plane  interfaces  between  the  regions  are  located  at 
depths  Z s d| . Each  layer  is  assigned  a pair  of  constant 
complex  .^uterial  properties  (permittivity  and  permeability) 

. An  additional  parameter  which  is  useful  is  the 
tliickness  of  the  individual  layers  t. . The  structure  just 
described  has  cylindrical  symmetry  about  the  axis 


1 


z = d2 


C2U2 


Z = dN-i  + 


tN-1 


En-i  Pn-1 


z = dN  — i 

Layer  thickness  t;  » “ <*  J “ 

^ — “ I 

Layer  propagation  constant  k; 

Fig.  5-1 


- d i^i  since  z upward. 
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6,  Solution  of  Wave  Equation  in  Plane- Stratified  Medium; 

TS  and  TM  Fields 

6-1  Hertz  Potentials  and  TE-TM  Fields 

The  basic  wave  equations  for  the  electric  and  magnetic  fields 
in  a whole-space  were  discussed  in  section  3.  As  was  discussed 
in  that  section,  it  is  most  convenient  to  express  the  fields  in 
terms  of  electric  and  magnetic  Hertz  potentials  which  satisfy  the 
vector  Helmholtz  equations 

source  term 
0 

with  the  electric  and  magnetic  fields  given  by  3-16  and  -17. 

At  this  point  it  is  best  to  get  a subscript  notation 
clarified  in  order  that  the  region  in  question  is  contained 
in  the  equations.  Thus,  the  Hertz  potentials  will  be  denoted 

If  If  (6-2) 

where  the  superscript  denotes  electric  or  magnetic  and  the 
subscript  denotes  the  region  i.  Thus  the  homogeneous  electric 
Hertz  potential  satisfies 

TTi  + k?  I?  =0  (6-3) 

11 

in  regions. 

For  the  electromagnetic  problem,  the  Hertz  potentials  have 
only  i components.  As  a result  one  has  to  work  with  only  2 
scalar  potentials  rather  than  2 vector  potentials 


lie”)  + k2 
I Im  J llm ' 


(6-1) 


IT*  - nit 

I^  * nf  z 


(6-4) 


(6-5) 
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and  6-3  reduces  to  the  scalar  Helmholtz  equation. 

Examination  of  the  electric  and  magnetic  fields  associated 

with  the  2 components  of  the  Hertz  potentials  shows  physically 

why  the  potentials  with  only  Z components  are  appropriate.  From 

3-16  and  -17  the  fields  of  n®  are 

1 

n®  Fields 


E.  = z n?  + V dnf 

^ T2  — nr 

Kj^  dZ. 

Hi  * z X o n? 

1 


(6-6) 


(6-7) 


Fields  _ -X  n\  _ m f€-R^_  - - m 

Hi  * zjii  + anf  ®^Ei  = z X (6-9) 

ki  3Z  "ju.;i 

Examination  of  6-7  and  6-9  shows  that  generates  an  electro- 
magnetic field  which  always  has  its  magnetic  field  in  a plane 
perpendicular  to  the  2 axis.  In  other  words  Z.H  is  zero  at  all 
the  planar  interfaces  in  the  structure.  Similarly,  11^  generates 
the  analogous  electromagnetic  field  which  has  Z.E  = 0.  Referring 
back  to  section  4 and  the  description  of  fields  as  superpositions 


of  plane  waves,  the  fact  that  IT?  and  have  only  Z components 
has  a physical  significance.  From  basic  electromagnetic  theory, 
a plane  wave  incident  on  a plane  interface  can  be  split  into  two 
components,  one  with  E.u  = 0 and  one  with  H. u = 0 where  u is  the 
normal  to  the  pi  mar  interface.  The  selection  of  the  above 
description  for  the  Hertz  potentials  yields  the  generalized  form 
of  this  result. 

An  alternate  notation  for  the  two  types  of  fields  is  now 
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adopted.  In  accordance  with  waveguide  analysis,  the  Ilf  fields 
are  denoted  transverse  magnetic  (TM)  fields  while  the  nf*  fields 
are  denoted  transverse  electric  (TE)  fields.  In  instance  where 
the  both  types  of  field  appear,  the  two  components  are  denoted 
as 


(TE  E,  TM  E) 
(TE  H,  TM 


(6-10) 


6-2  General  Form  of  the  Hertz  Potentials 

The  general, homogeneous  solution  of  the  Helmholtz  equation 
for  the  problem  at  hand  can  be  written  down  immediately.  Using 
the  cylindrical  symmetry  of  the  boundaries,  the  potentials  are 

n?  = f?!(n<|))  SAm  (X)  e^^i^  + ffif  (X)  e”^*' ^ ' Jn  (Xf) 

1 Sin  n 1 n 1 

+ Cn(A)Y^(Xf)  (6-11) 

The  subscripts  and  superscripts  should  be  self-explanatory.  For 
the  problems  at  hand  only  waves  propagating  radially  outward  from 
a source  at  the  center  are  excited  and  Cy^(X)  » 0.  In  the  above, 

X is  the  radial  wavenumber  as  discussed  briefly  in  section  4, 
while  ~ X^)**  is  the  vertical  wavenumber  in  the  ith 

medium. 

The  general  solution  will  take  the  form,  for  example, 

00 

n®  * ^ f?®  (n4>)  ^ f SA®  (X)c^’'I^  + sBi  (X)e"^'^' (X;')  dX  (6-12) 

i n sin  ^ Vn  1 n i ^ 

which  is  remaniscent  of  the  particular  solution  in  the  form  of 


4-11. 
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7 Transmission  Matrices  and  N-Layered  Structure  Reflection 
Coefficients 

7-1  General  Boundary  Conditions 

In  the  last  section,  the  basic  mathematical  formalism 

for  the  fields  in  the  layered  structure.  From  6-12,  the  problem 

:.fv  (k'i  c 

at  hand  is  that  of  finding  the  coefficients^®  B ® (A).  Once 

n i 

these  coefficients  are  determined  the  formal  mathematical  part 
of  the  analysis  is  complete. 

The  exact  form  of  the  coefficients  depends  on  the  nature 

of  the  source.  In  this  section,  the  relationships  between  the 
m in 

Ae  and  B?  in  different  regions  are  developed.  The  results  of  this 

section  then  lead  to  the  determination  of  particular  form  of  the 
coefficients  for  different  excitations  which  are  discussed  in 
section  9 . 

*he  boundary  conditions  on  electromagnetic  fields  at  the 
interface  between  any  two  regions  are  that  the  tangential 
components  of  the  E and  H fields  must  be  continuous.  Thus 

Z X E ^ = Z X Ei+1  (7-1) 


Z X Hi  = Z X Hi±l 

In  terms  of  TE  and  TM  fields,  the  tangential  components  of 
the  fields  are 


TM  Fields 

Transverse 


3Z 

* Z X 
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(7-2) 


Transverse  »«Hi 


(7-3) 
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TE  Fields 


TE—  A — 
Transverse  Ei  = Z x 

3we  . 

TE—  — 

Transverse  Hi  = 1 8IIj 
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8Z 


(7-3) 


(7-4) 


A 

where  — P A 

Vt  - ( 


A. 


7-2  TM  Boundary  Conditions 

The  boundary  conditions  on  the  TM  fields  yield  constraints 

on  the  n®  which  in  turn  relate  the  and  Bf  from  one  region  to 
i ^ 

another.  Combining  7-1,2,  and  -3  one  obtains  the  result  that 


and 


when 
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(7-5) 


(7-6) 


7-3  TE  Boundary  Conditions 

In  thg  same  manner  as  for  the  TM  fields,  the  boundary 
conditions  for  the  magnetic  Hertz  potential  can  be  derived  in 


the  form 
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.m 


Hi  “ Hiii 

ui  uiil 

-i — ani 

c<  u.  az 


^ iti  ^ t*Jl 
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37 


(7-7) 

(7-8) 


for  Z = 

The  symmetry  of  the  two  sets  of  boundary  conditions  is  apparent, 
The  material  property  factors  c*  <^nd  y.  switch  places. 

7-4  Transmission  Matrices 

o _ 

The  general  solutions  for  Hj  and  iTj  are  of  the  form  6-12. 


i ■ 

j i 
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cos 


00 


Since  the  sin  (n'^)  and  J^(M)d7.i*actors  arr>  coinmon,  the  only 

0 

factor  which  varies  from  region  to  region  is 


aS  (X)  (X)e^^f  " 

i i 


(7-9) 


Combining  7-9  with  7-5  through  7-8  it  is  possible  to  write 

e „ 

the  relationship  for  Ai  in  terms  of  the  coefficients 

in  the  neighbouring  region.  In  the  following  the  TE  fields 
are  used  to  illustrate  the  analysis 

• 1 1 « '11 


— 'jli.  - ik'  e^' o 


\ -i; 


o , jAi+l 
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This  result  can  be  regrouped  and  written 
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m 7 r 


Bi 
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where 


.TE 


= 1 U 
1 Wl 


Hidi+l  o 

+j;^di+l 


1 Ai+1  ; 
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(7-11) 

Bi+1  i 

- -4 
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' jf-  d.  o 

j >3  '>♦>  i*! 

V+i  j 
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"1 
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(7-12) 
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+1  ] is  the  TE  transn^ssidr^matrix  for  the  boundary  at 

Z » d>  and  relates  the  fields  in  region  i to  those  in  i + i , 

Similarly,  a matrix  describing  region  i + in  terms  of  i can  be 
written  down  and  is 

-1 
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,TE 


'1 


i^  i+1 
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TE 

Vi,i 


(7-13) 


TE  TF 

The  coefficients  ^^*£+2.  ^i  'i+l  Fresnal  TE  plane  wave 

reflection  and  '-ransmission  coefficent- 
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3.  1+i 
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(7-14) 


T^.  , 

1 X^l 


= l + 


i+1 


2 yi+l‘i 
Vii+«  i + ui' 


(7-15) 


In  a similar  fashicr.  the  TM  c -e. ; icients  can  be  transmitted 
across  an  interface  using  the  transmission  matrix  which 
takes  the  form 

(7-16) 

i " • **  d . 

, e iM  o 

I o e ^ ^ 

(7-17) 

TM  TM 

Rt  and  are  the  Fresnel  TM  plane  reflection  and 

transmission  coefficients  which  have  the  form 
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(7-18) 
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The  matrix  rotation  can  be  extended  zo  relate  region  i with 
region  o or  region  N. 

r Ai 

I 

! Bi 


/ Ui,i+1  Ui+l,i+l  \ ^ 

!i/  I % 


(7-20) 
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^ Bi,; 

Any  other  pair  of  layers  can  be  related  in  a similar  fashion. 


N-Layer  Reflection  Coefficient 

In  the  Scime  manner  as  one  expresses  the  respon  •?  of  a 

single  interface  by  a Fresnal  reflection  coefficient,  a more 

generalized  reflection  coefficient  can  be  defined  for  a stack 

of  an  arbitrary  number  of  layers.  From  examination  7-9  and 

$ 

6-12,  it  becomes  readily  apparent  that  the  coefficients  arc 
the  amplitudes  of  waves  propagating  in  the  positive  " direction 
while  the  bS  are  the  amplitudes  of  waves  propagating  in  the 
negative  Z direction 


\Bi  '’ai 

Now  consider  the  simplest  case  of  a wave  incident  on  the  stack 
N-layers  from  region  o.  Bo  is  the  amplicude  of  the  incident  wave 
and  Ao  is  the  amplitude  of  the  wave  reflected  from  the  stack 

Region  0 \ B®  ^ 


Region  N ‘ 


r 
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A generalized  reflection  coefficient  is  defined  as 

Ao 


R ^ 


(7-22) 


Bo 


It  should  be  noted  that  in  the  wave  number  domain,  a fixed 
A corresponds  to  a plane  wave  incident  on  the  stack  in  the  FT 
domain  and  a single  cylindrical  wave  in  the  Henkel  Transform 
domain. 

i.e.  Bo(X)  = f(A-  Ao)  (7-23) 

A very  useful  representation  for  R is  obtained  from  the 
transmission  matrix  formalism..  For  the  example  at  hand  one 
can  write 
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(Note  that  the  development  is  the  same  for  both  TE  and  tm 

type  fields  so  no  distinction  is  made  here) . Thus  the  reflection 

coefficient  becomes 
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(7-25) 


Thus  R » Ao/Bo  is  expressible  in  terms  of  (Ai/B^)  plus  some 
parameters  depending  on  the  electrical  properties.  Now  the 
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same  thing  can  be  done  to  ■•'epresent  (Ai/Bi)  in  terms  of  (A2/B2) 
etc.  down  to  region  (Aji^./B,^;^)  . Since  there  is  no  source  in 
region  only  downward  propagating  waves  can  exist  and 


(A^/B-^)  = 0, 
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R = w: 


11 
“T 
'^21 
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which  is  known  in  mathematical  terminology  as  a continued 
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fraction  expansion  for  R of  length  N with  the  member  elements 
being  independent  of  the  excitation  fie’d  and  dependent  only 
on  the  electrical  properties  and  their  distribution  with  depth 
in  the  stack. 

If, for  example,  a particular  source  distribution  exists  in 
region  o,  the  fields  to  this  source  if  the  layered  structure 
were  not  present  would  simply  be  of  the  form 

Be“3toZ  (7-27) 

plus  the  appropriate  integral  over  Xi  the  angular  symmetry  etc. 
The  effect  of  the  stack  of  layers  can  then  be  represented  by 

RBe^^°^  (7-28) 

and  the  total  field  by 
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While  the  particular  case  of  the  source  in  region  has  been 
considered  here,  the  source  could  actually  exist  in  any  layer 
und  reflection  from  below  and  above  would  have  to  be  considered. 
In  the  above,  the  problem  of  solving  the  response  in  a stack 
boils  down  to  finding  the  particular  excitation  for  the  given 
source  in  a homogeneous  wholespace.  The  layered  structure 
appears  as  an  additive  homogeneous  solution  to  the  origin 
P.O.E.  and  is  ^tist  a factor  times  the  whole-space  of  particular 
solution.  The  application  of  these  results  to  some  particular 
cases  is  discussed  in  the  next  section  where  a number  of 
examples  are  worked  out. 

8.  Point  Dipole  Sources  over  an  N-Layered  Earth 

The  preceding  sections  give  all  the  basic  mathematical 
developments  required  for  this  particular  problem.  The 
analysis  is  ?n  three  stages;  first  the  particular  excitation 
field  is  developed,  secondly,  the  reduction  of  the  particular 
solution  into  electric  and  magnetic  Hertz  potentials  which 
have  only  vertical  components  is  made,  finally  each  spectral 
component  is  reflected  by  its  N-layer  reflection  coefficient. 

In  the  following,  the  first  case  of  a vertical  electric 
dipole  is  considered  in  some  detail.  The  remaining  examples 
are  very  similar  and  as  much  detail  is  omitted  as  is  possible. 


8-1.  Vertical  Electric  Dipole  (VED) 

The  electric  dipole  has  moment  IdL  and  is  located  at  a 


height  h above  the  surface  of 
an  N-layer  earth.  From 
section  three 

g , X<lC  (e-o 


£®  o 

a = J. 

i-  olx 


Re^i6v% 
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N 


and  the  particular  Hertz  potential  is  an  electric  Hertz 

/N 

potential  with  a component  only  in  the  Z direction. 


TTp  i ^ 


A 

a 


Ce-i) 


In  Hankel  transform  notation,  using  4-11,  . , 

TTp-  ^ 0-<»(Af)elA  (8-3) 

Axr 

From  section  6,  it  is  apparent  that  the  only  excitation  in 
this  problem  is  circularly  symmetric  and  n i 0.  In  the  region 
0 < Z < h,  the  excitation  8-3  gives 


R*  - J ^ 


It  is  apparent  from  tiie  source  and  structure  symmetry  that 
only  TM  waves  are  excited  and  the  reflected  wave  is  defined 
in  region  o by 


Table  8-1 


E and  TM  Field  Components 
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where  is  the  TM  reflection  coefficient  for  the  N-layer 

y>'f 

stack.  The  total  field  in  region  o is  described/'  the  electric 
Hertz  potential 


-- 


j Cox*  O I c(L 


OO  r 


j roCa+K)7 

e-  I Jo(Ay)d\ 


The  fields  in  other  regions  can  be  obtained  using  the 
trcuismission  matrices  of  section  7 and  continuing  qA®  and 
oB®  downward. 


8-2.  Horizontal  Electric  Dipole  (HEP) 

The  other  orientation  for  the  electric  dipole  is  in  the 
horizontal  plane.  Combination  of  the  VED  and  HED  solutions 
yields  the  solution  for  an  arbitrarily  oriented  dipole.  For 
convenience  in  the  following/  the  HED  is  assumed  aligned 
in  the  or  = 0 direction.  The  electric  source  current  is 
then 


- - - - 


a - 


o 


The  particular  solution  for  this  current 
distribution  is  an  electric  Hertz  potential 
aligned  in  the  direction. 

ITp-  i- dL  e 
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Now  the  problem  of  solving  for  the  effect  of  the  layered 

stack  requires  reducing  lip  into  electric  and/or  magnetic  Hertz 

potentials  with  only  a vertical  component.  This  is  achieved 

by  examining  the  TE  and  TM  electric  and  magnetic  fields  in 

order  to  find  II®  and  n"*  . 

P P 


From  Table  8-1  it  is  readily  apparent  that  the  vertical 

6 in 

electric  field  is  associated  with  II^  (since  I^  generates  a 

totally  TE  field) . Similarly  the  vertical  magnetic  field  is 

totally  associated  with  . This  then  gives  the  key  as  to 

0 m 

how  to  break  IIp  into  its  j II^  components. 

From  section  3,  E^  and  associated  with  Up  are  given  by 


F = J-  ^ TTp 
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Using  the  Sommerfeld  integral  discussed  in  section  4, 
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In  order  to  obtain  n®,  E_  has  to  be  regrouped  to  the  form 

0 2 

analogous  to  that  in  Table  8-1  namely 
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Noting  that  ® = k - A , 8-11  can  be  written  as 


e,  = I S.'^uCfr-w)  (i  - 


MTT 


J.(a?)oIA 

Cs-'O 


-Vr 


<vo 

cos<«j  St>»Ce-U)e 


and  n®  is  readily  identified  as 
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In  a similar  manner,  H is  given  by 
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The  magnetic  Hertz  potential  associated  with  is 
readily  identified  as 


j,  . 1 t j 

k;=  ® J.fXyjdX  Oa-'fe) 

Av  . r» 


0 m — 

Analysis  of  IT  and  n shows  that  II  has  been  split 
into  a TE  field  which  has  a sinusoidal  variation  with 
azimuth  and  a TM  field  which  has  a cosinusoidal  angular 
variation.  In  order  to  find  the  total  field  in  region 
o,  the  integrands  of  8-16  and  8-14  must  be  multiplied 
by  the  TE  and  TM  N-layer  Fresnel  coefficients  and  then 
added  to  the  solution.  The  total  solution  is  the 

Tr“  - sm(»  ( iki  I®'* 

The  fields  in  the  other  regions  are  obtained  by  the 
transmission  matrix  analysis  of  section  7. 


-32- 


8~3,  Vertical  Magnetic  Dipole  (VMD) 

The  vertical  magnetic  dipole  problem  is  analogous 
to  the  vertical  electric  dipole  problem  and  can  be 
obtained  directly  by  replacing  jwy  by  - jwc,  Idl,  by 
-j«yo  IdA  and  and  From  section  3,  the  fields 

can  be  expressed  in  terms  of  a magnetic  Hertz  potential 

j k»lr-r'\ 

■ir^  ^ IdA  a ^ 

NOW,  le  is  identical  to  TT^  and 

p p 

® >VTT  )i^  X J 


The  response  is  purely  one  composed  of  TE  waves  as  to  be 
expected. 


8-4.  Horizontal  Magnetic  Dipole  (HMD) 

The  last  point  source  to  be  considered  is  the  HMD.  As 
with  the  VMD,  the  solution  can  be  obtained  by  analogy  with 
the  HED  result.  The  roles  of  II®  and  II™  interchange  with  the 
result  that 
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3-5.  Summary 

The  last  four  subsections,  completely  cover  most  of  the 
use  geophysical  source  models.  While  it  has  not  been  discussed 
here,  the  addition  of  a stack  of  layers  above  the  source  can 
be  accomplished  in  a similar  manner  to  the  above  derivations. 
For  earth  bound  applications  this  can  be  used  to  describe 
ionospheric  effects. 


9.  1 and  2 Layer  Earth  Reflection  Coefficients 

For  the  preliminary  analysis  of  the  SEP  problem,  the 
response  of  a half-space  and  of  a 2-layer  earth  are  discussed 
in  detail  since  these  special  cases  contain  all  the  particular 
features  of  a general  N layer  system.  The  reflection 
coefficient  for  a 2-layer  earth  are  obtained  from  the  continued 
fraction  expansion  of  section  7.  The  physical  interpretation 
of  the  mathematical  form  of  the  reflection  coefficients  are 
discussed. 

The  2-layer  earth  is  sketched  below.  The  stack  TE 
reflection  coefficient  is 
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The  transmission  matrix  for  the  Z » d interface  is 
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The  Z « d2  * -t|  transmission  matrix  becomes 
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Now  since  A2/B2  = 0, 
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and 
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The  TM  reflection  coefficient  for  the  2-layer  earth 
is  obtained  in  a similar  manner  and  is  identical  to  (9-6) 
with  the  TE  superscripts  replaced  by  TM. 

The  meat  important  part  of  9-6  is  the  denominator  of 
the  second  term.  Taking 
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The  multiple  reflection  back  and  forth  between  d » 0 and 
d ■ -t,  in  region  1 appear  by  expanding 

— i—  - 2. 
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in  a geometric  series.  Each  term  of  the  series  represents 

an  additional  reflection  at  the  two  boundaries  with 

I 

appropriate  reflection  amp(£itude  change  plus  a "phase”  change 
2)(|  t,  corresponding  to  the  two  way  path  through  the  layer  1 
as  sketched  below. 
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The  half  space  Reflection  coefficient  can  be  obtained 
in  three  manners,  In  the  limits  as  R22  ^ (i*«*  ^ P2» 

®1  tji  • and  ■*  0. 


Case  1:  When  R12  - ® 
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as  expected. 

Case  2;  When 
cause 
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any  infinitesimal  loss  in  region  1 will 

— ? o t,  —V  **« 


and 
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Case  3 ; In  the  limit  as  tj^  0^  one  obtains  a half  space  ./ith 
material  properties  C2>  ^2- 
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Using  the  fact  that 
one  can  show  that 
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In  the  above  the  emphasis  has  been  placed  on  the  TL  reflection 
coefficient  only  as  far  as  it  illustrates  the  nature  of  the  stack 
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reflection  coefficient.  All  the  analysis  also  holds  for  the 
TM  reflection  coefficients. 

One  other  important  feature  of  the  2-layer  reflection 
coefficient  is  the  resonant  wave  numbers  for  the  waveguide 
formed  by  the  slab  placed  between  two  media  of  differing 
properties.  In  most  instances,  the  guide  is  leaky.  These 
resonances  occur  when 

3 

^ — o 

which  is  the  general  form  of  the  normal  mode  equation. 

Solution  of  9-15  plays  an  important  role  in  the  analysis  of 
the  2-layer  earth  response.  This  will  be  discussed  in  detail 
later. 

10  - Noannalization  and  Tabulation  of  HEP  Fields  for  SEP  Application 

In  this  section,  the  formal  mathematical  solution  for  the 
HED  derived  in  section  8 is  rewritten  in  a normalized  format 
which  facilitates  computation  aspects  of  the  evaluation  of 
the  fields  numerically.  Since  the  primary  source  of  interest 
for  the  SEP  application  is  the  HED,  it  is  used  as  the 
example  in  the  following  sections.  ,.ne  other  dipole  sources 
can  be  treated  in  exactly  the  same  manner  so  there  is  no 
real  of  generality. 

In  the  MvCS  system  of  units,  the  electric  and  magnetic 
fields  have  units  of  volt/m.  and  amp/m. ; the  spatial 
dimensions  are  in  m.  and  wavenumbers  in  m~^.  For  computation 
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Table  10-1 


Normalized  Field  and  Parameter  Definitions 
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Table  10-2 

Normalized  HEP  TE  Field  Components 
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Table  10-3 

Normalized  HEP  TM  Field  Components 
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Table  10-4 


Normalized  HEP  Radiation  Fields 
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purposes  it  is  convenient  if  all  these  quantities  are 
normalized  in  such  a manner  as  to  make  them  dimensionless. 
Examination  of  the  HED  electric  and  magnetic  Hertz  potentials 
of  section  8 yields  a convenient  set  of  factors  for 
noraalizing  the  E and  H fields.  The  wavenumbers  are 
normalized  w.r.t.  the  freespace  wavenumber  and  spatial 
dimensions  are  normaliaed  w.r.t.  to  the  freespace  wavelength. 

A summary  of  the  normalization  procedure  is  given 
in  Table  10-1.  Combining  the  definitions  of  Table  10-1 
with  expressions  for  the  fields  in  Table  8-1  and  the  forms 
of  the  electric  and  magnetic  Hertz  potentials  8-17  and 
8-18,  one  obtains  the  normalized  expressions  for  the  TE  and 
TM  fields  given  in  Table  10-2  and  10-3.  For  analysis  of 
fields  at  large  distances  from  the  source,  the  fields  take 
a simpler  form  since  only  the  radiation  fields  have  to  be 
considered.  The  radiation  fields  are  summarized  in  Table  10-4. 

11  - Radiation  Patterns  of  a HED  on  the  Surface  of  a 
Half-Space 

11-1.  Basic  Formalism  for  Radiation  Fields 

One  of  the  more  important  aspects  of  SEP  method  is  the 
manner  in  which  the  presence  of  a nearby  halfspace  modifies 
the  energy  radiated  by  the  dipole.  In  this  section,  a 
general  discussion  of  radiated  power  is  followed  and  it  is 
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applied  to  the  particular  case  of  a HED  on  a loss-free 
halfspace. 

In  the  discussion  of 
energy  radiation  and  radiation 
patterns, it  is  most  convenient 
to  adopt  a spherical  polar 
coordinate  system  as  sketched 
to  the  right.  For  any  finite 
size  source,  the  fields  at 
large  distances  from  the  source 
are  the  radiation  fields  and 
the  fields  are  of  the  form 

(“-0 

All  higher  order  terms  in  1/r  become  negligible  as  far  as 
radiated  power  is  concerned  where  r -►  <». 

For  the  layered  errth  problem  at  hand,  it  was  discussed 
in  section  6,  that  the  fields  can  be  split  into  two  independent 
types  namely  the  TE  and  TM  fields.  This  convention  is 
continued  here  in  order  to  facilitate  later  analysis.  At 
very  large  distances  one  has  the  fields 
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and  as  well  as  E(^  and  are  simply  related  by  Maxwell's 
equations 
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It  should  be  noted  that  to  remain  consistent  with  the  concept 

of  radiation  fields,  higher  order  terms  in  1/r  must  be 

neglected.  Hence  in  all  operations  of  the  form  11-6,  the 
— * ikr* 

V operator  acts  only  on  e term  in  the  field  as  written 
in  11-7. 
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Once  again  only  1/r  terms  may  be  retained  for  the  radiation 
field  analysis  and  it  is  permissible  to  write 

- A /*  - A . , 

V % -If  iV  (ll- 

although  this  is  not  mathematically  correct.  In  a similar 


manner 
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With  these  basic  formalities  settled  one  has 
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IT  is  identified  as  the  intrinsic  admittance  of  the  medium 
in  which  the  waves  are  propagating  and  is  denoted  by  Y • The 
intrinsic  impedance  is  given  by 

X-- 

In  free  space  Z = 120II  ohms.  Thus  11-11  gives 
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In  a similar  manner,  c;nalysis  of  TM  fields  yields 
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and 
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11-2.  Poynting  Theorem 

For  a general  distribution  of  electric  and  magnetic 
currents,  Poynting  theorem  summarizes  the  energy  balance 
of  the  electromagnetic  system.  For  continuity,  the  general 
form  of  Poynting* s theorem  will  be  reviewed.  The  power 
supplied  by  the  source  is  given  by 

V*  »/ 

where  V is  the  volume  containing  the  electric  and  magnetic 
current  systems  andf^s. 

Now  from  Ampere's  law 
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and  Faraday’s  law 
Using  the  vector  identity 

one  obtains 
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Now 
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It  is  not  difficult  to  show  that  if  tan  £e  and  tan  6,^  are 
not  identically  zero,  the  surface  integrals  over  the  infinite 
sphere  will  vanish  identically  since  the  fields  will  be  of 
the  form 

-•cr 
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for  large  r and  go  to  zero  exponentially  with  r Thus 

for  a finite  loss  in  the  media 
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One  minor  point  to  note  is  the  rational  for  retention 
of  one  field  of  the  order  1/r  in  the  radiation  analysis. 
This  is  readily  obtained  by  examination  of  the  real  power 
dissipated  in  a loss  free  medium. 
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It  has  the  form 
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If  |eI  '''  1/^n  and  |h|  l/^m/  on  the  infinite  sphere  so 

ft  M y.M4MP«-V 
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Thus  n and  m equal  1 and  higher  order  values  yield  no 
radiated  power.  Higher  powers  of  n and  m describe  the 
energy  stored  in  the  reactive  inductive  and  capacitive 
fields. 

11-3.  TE  and  TM  Radiated  Power 

The  energy  radiated  in  TE  and  TM  fields  is  now 
formulated  in  terms  of  the  field  components  which  are 
transverse  into  the  planar  surfaces  of  the  system.  The 
radiated  TE  power  takes  the  form 
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The  TM  radiated  power  is  expressed  in  the  same  manner  and 
takes  the  form 

I Hv,  <#)[*’ J ® Oi-|4-3 

11-4.  TE  and  TM  Power  Radiated  In  A Whole-Space  by  a HEP 
The  power  radiated  by  a HED  is  readily  expressed  by 
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cotnbining  the  results  of  11-3  and  section  10.  The  E»<j 
TE  electric  field  has  the  form 
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The  true  power  in  watts  must  be  obtained  by  multiplying 
the  above  pTE  for  the  norm.alized  fields  by  the  scaling 
factors  for  the  E and  H fields  of  Table  10-1.  For  the 
following  discussions,  only  the  relative  power  is  of  interest. 
The  TM  power  is  determined  from  the  Hf  TM  fiold 
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The  TM  power  is  then  expressed  by 


“ Z C^f^(Pci(p 
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As  for  the  TE  power,  the  true  power  11-40  is  obtained 
by  multiplication  by  the  normalizing  factor  for  the  fields. 
The  true  total  power  radiated  by  the  BED  is  then 

(ITT)’-  K"-  (■^n-y 

The  addition  Vk^  factors  appear  since  the  noarroalized 
fields  are  given  as  1/R  while  the  integrals  11-33  and  11-34 
are  cased  on  the  use  of  1/r  hence  a difference  of  Y kj" 
in  the  magnitude.  Regrouping  11-41  yields 
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where  Ke  * e/eo  and  Km  = y/uo. 

11-5  Radiation  Pattersn  for  a HEP  on  the  Surface  of  a 
Half-Space 

The  radiation  patterns  for  a BED  on  the  surface  of  a 
halfspace  are  obtained  from  H™  and  E^E  by  finding  the 
angular  dependence  of  the  1/r  term  fields.  The 
general  picture  is  sketched  at 

the  right.  The  radiation  pattern  f 
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in  region  o will  be  derived.  The  pattern  in  region  1 is 
obtained  by  the  fact  the  solution  is  the  same  as  for 
region  o with  material  properties  interchanged  to  -*  C| 
e,  CO  etc. 

From  Table  10-4  _ 

--  - si  S7  ^ ^ ® 

- co$</  A 
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The  exact  analytical  evaluation  of  these  Hankel  transforms 
is  not  possible.  For  the  analysis  of  the  radiation  patterns, 
however,  an  exact  form  for  the  integral  can  be  obtained  by 
obtaining  an  asymptotic  expansion  for  the  fields.  This 
requires  that  P and  Z be  large.  This  is  a compatible 
condition  since  analysis  of  radiation  patterns  and  power 
radiated  is  carried  out  at  "infinite"  distances  from  the 
source.  4 

The  first  step  in  reducing  11-43  and  -44  is  to  note 


that 
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Next  the  integral  from  0 to  “ is  transformed  into  an 
integral  from  - <»  to  «.  This  can  be  done  for  all  order  Hankel 
transforms  with  the  aid  of  the  identities  in  Table  11-1.  Thus 
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To  this  point,  no  approximations  have  been  made. 

At  this  point  the  contour  of  integration  will  be  changed 
and  the  asymptotic  form  of  the  Hankel  function  introduced. 
Thus 
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Exeunination  of  11-50  and  -51  are  in  the  form  which  admits 
evaluation  in  terms  of  an  asymptotic  series  by  the  saddle 
point  method.  The  contour  C is  the  saddle  point  contour  in 
the  complex  . In  changing  the  integration  path  from  along 
the  real  axis  to  C,  the  effect  of  any  singularities  lying 
between  the  real  axis  and  C must  be  considered.  Fortunately, 
the  integrands  in  11-49  and  -50  have  only  branch  point 
singularities  but  no  poles.  The  effect  of  the  branch  point 
singularities  is  the  generation  of  second  order  effects. 

These  effects  will  be  discussed  later.  For  radiation  patterns, 
the  branch  points  may  be  safely  ignored.  The  rational  for 
this  will  be  seen  in  a moment. 
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The  exponential  in  the  integrand 

jCPb  2-  + A.  p) 

e Tu-s-O 

and  the  definition  of  the  saddle  point  and  saddle  point 
contour  are  dealt  with  in  detail  in  Appendix  1.  Transforming 
from  the  A plane  to  the  y plane  11-49  and  -50  take  the  form 
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Now  in  the  vicinity  of  A-p  » the  saddle  point  of  the  exponent^ 
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where  C 1/R.  In  the  limit  asR-»-»,  Since 

the  integrands  of  11-52  and  -53  are  exponential  integrals, 
an  asymptotic  series  can  be  developed  by  expanding  Fi  and 
F2  in  Taylor  series . For  present  purposes , only  the  o order 
term  of  the  series  will  be  retained  and 
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If  higher  order  terms  in  the  asymptotic  expansion  of 

?!  were  required  then  terms  of  d F in  the  Taylor  series 

dp 

would  be  required.  It  is  not  difficult  to  show  that  terms 
of  d F will  contain  factors  of  C since 
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since  tL  o .In  the  limit  as  R -»■  «,  all  these 

a 

relations  become  exact  and  the  asymptotic  series  is  in 
powers  (1/R)’^.  At  the  branch  points  of  F,  the  fvinction 
derivation  become  singular.  Since  this  only  affects  terms 
in  S and  of  higher  order  than  1/R»  the  branch  point 
effects  may  be  safely  ignored  in  radiation  pattern  analysis. 
Putting  all  the  pieces  together  one  obtains 
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Thus  the  radiation  pattern  is  just  that  of  the  whole-space 
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modified  by  a Fresnal  transmission  coefficient.  The 
radiation  patterns  for  a dielectric  half-space  with 
dielectric  constant  Ke  take  the  form 
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The  resulting  radiation  patterns  are  plotted  in  Pig.  11-1 » 
through  12  for  various  values  of  dielectric  constant  for  the 
half space. 

The  particular  feature  to  note  is  the  strong  directionality 
of  the  TE  pattern  into  the  earth.  This  peak  in  the  patten, 
occurs  in  the  direction  of  the  critical  angle  of  the  air-earth 
interface. 
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The  TM  pattern  exhibits  a null  in  the  Be  direction  but  shows 
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a lobe  of  increasing  strength  at  angles  of  d > 
for  increasing  Kg. 

12.  Surface  Fields  about  a HEP  on  the  Surface  of  a Half- space 

In  the  previous  section  the  radiation  patterns  for  the 

HED  on  the  surface  of  a half-space  were  developed.  Examination 

of  the  pattern  in  the  plane  of  the  interface  shows  that 

both  the  TE  and  TM  patterns  have  a null  in  this  direction. 

be 

The  fields  in  this  direction  nrnsr^of  second  order  at  large 
distances  from  the  source. 

In  the  SEP  experiments,  the  fields  about  a HED  are 
measured  on  the  earth  or  lunar  surface.  It  is  therefore 
instructive  and  useful  toAexpressions  for  the  fields 
near  the  interface.  For  these  applications  distances  of 
1 to  20  wavelengths  from  the  source  are  most  interesting 
and  use  asymptotic  expansions  to  estimate  the  second  order 
fields  is  feasible.  The  general  nature  of  the  fields  is 
discussed  by  Annan  (1973)  and  is  sketched  in  Figure  12-1. 

Near  the  interface  the  fields  are  composed  of  two  parts , one 
which  propagates  outward  with  the  phase  velocity  of  the  air 
and  one  which  has  the  phase  velocity  of  the  earth. 

In  this  section  the  asymptotic  expressions  for  these 
second  order  fields  are  developed  for  the  case  of  a half- 
space with  free  space  magnetic  properties,  but  arbitrary 
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Radiation  or  1/R  fields 
Second  order  or  1/^2  fields 


Pig.  12-1 


Branch-cut 
Branch  point 

Original  Hankei  transform  path 
Saddle  point  contour 


Pig.  12-2 
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dielectric  constemt  and  loss  tangent.  The  expansions 
are  obtained  by  analysis  of  the  limiting  case  of  the 
saddlepoint  expansion  of  the  last  section  in  the  limit 
as  Z/P  o.  This  limiting  case  of  the  saddlepoint  curve 
is  sketched  in  Fig.  12-2  and  is  essentially  two  integrals 
aboyjit  the  branchlines  from  the  branch  points  at  the  right 
of  the  imaginary  axis.  The  branch  point  at  = 1 and 
the  saddlepoint  merge  as  Z/P  -*•  o. 

As  an  example  of  how  the  solutions  are  developed, 
the  TE  H_  component  will  be  analysed  in  detail.  The  other 
solutions  are  developed  in  like  manner  and  the  results  will 
be  tabulated.  For  the  development  Z will  be  taken  to  be 

finite,  but  such  that  (Z)/P  <<<  1.  The  H field  is  then 

z 

expressed  as 


V - 
* a 


r .A’ 


T6? 


Pc 


u r ivp 


(u-») 


Regrouping  the  integrand  and  deforming  the  contour  of 
integration  to  that  of  the  limiting  steepest  descent  form, 
12-1  becomes 
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where  is  the  value  of  the  integrand  at  the  right  of 
the  branch  line  and  is  the  value  it  takes  at  the  left 
of  the  bremch  line.  Defining 


jPA.  ■ jP~  U 


( K«  =• 


the  first  integral  of  12-2  becomes 


o'*  r 
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Similarly  letting 


j j P ' ^ 

the  second  term  of  12-2  has  the  form 


j v3  *^V  P f oo  • \ ~ P 

Sl 1 F.  (<R 


(U-7) 


The  basic  wave  nature  of  the  two  branch-cut  integrals  is 

now  apparent.  It  only  remains  to  evaluate  the  wave  amplitudes. 

The  steepest  descent  technique  is  now  applied  to  obtain  the 


•I 


asymptotic  series  expansion  of  the  integrals  in  p and  the 

4l»e 

first  non-zero  term  in  the  expemsions  yields^ amplitudes 
required  here.  Higher  order  terms  may  be  retained;  however, 
their  contributions  are  not  significant  for  SEP  applications. 

To  obtain  the  asymptotic  expansion,  P is  assumed  >>  1 
and  non-exponent  part  of  the  integrand  is  expanded  intTaylor 
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series  about  y and  6 = o.  In  the  vicinity  of  the 
branch  points,  and  Fj  take  the  form 

U fa  C ^ -h  ^ XA  "t-  - - ••  0 .i-  e^ 

where  the  function  g is  expanded  into  a Taylor  series 
about  y “ o.  Thus  the  integrals  in  12-2  take  the  form 

JC"  ■ ^ t d,  '-A 

^ ? J.  <3^o)  TCa4C4i)  Ci-e) 

1^-0  y\  I ^ 


where  X*  (x)  is  the  gamma  function.  For  the  present  purposes 
only  the  first  non-vanishing  term  is  retained  in  order  to 
obtain  the  second  order  fields.  In  order  to  obtain  the 
amplitudes  of  g^(o),  it  is  necessary  to  examine  the 
behaviour  F^  and  Fj^  near  A = 1 and  A » Jk,  respectively. 
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The  + superscripts  denote  right  ^ side  value  of  the 

radical  near  branch  line 
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12-10  becomes 
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and  the  first  term  of  12-8  is  obtained  by  noting  that 


vJ‘  - 

C' 

( ' 

M \ 

(li-  14) 

■>- 

<2. 

with  result 

' 

- 

Oa-  »0 

and  C « 1/2 

p 

(KrO 

Similarly  about  A » 

Jk7,  Pj 

becomes 
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which  yields 

<3Co)  ' 

fSW' 

and  C » 1/2.  Since  T’( 3/2)  = 
for  the  H field  becomes 
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y , the  resultinc  expression 
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The  approximate  forms  for  the  HED  on  a half-space  second 
order  fields  are  listed  in  Table  12-1.  Before  leaving  this 


V 


section  it  is  important  to  note  some  mathematical 
and  intrinsic  physical  points  in  the  development  of  the 
TM  response.  The  applicability  of  the  TM  expressions 
in  Table  12-1  is  highly  dependent  on  K,  not  being 
extremely  large. 

While  the  difficulties  cannot  be  dealt  with  in 
detail  here,  the  basic  mathematical  problem  stems  from 
the  Taylor  series  expcinsion  12-8.  For  the  TM  reflection 
coefficient,  a pole  located  on  the  lov;cr  Rieman  surface 
of  the  reflection  coefficient  approaches  A=  1 as  K| 

This  limits  the  radius  of  convergence  of  the  12-8  Taylor 
series.  This  pole  may  be  handled  by  application  of  the 
modified  saddle  point  or  steepest  descent  method  (van  der 
Waerden  (1950))  in  which  the  effect  of  the  pole  is 
subtracted  from  the  integrand  and  evaluated  separately 
whxle  the  remaining  portion  of  the  integrand  is  evaluated 
as  above.  For  in  the  range  of  SEP  applications 
(1  < ^ 15) . There  is  no  need  to  go  through  this  extra 

step.  The  role  of  this  pole  and  its  effect  on  evaluation 
the  integrals  has  been  a source  of  controversy  s.-.nce 
Sommerfeld's  original  discussion  of  the  problem  in  (1909). 
A good  discussion  of  this  problem  is  given  by  Banos  {!?€(>)  . 


Table  12-1 


Asymptotic  Form  of  Second  Order  Fields  about  a HEP  on  the 

Surface  of  a Half-space 
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13  HEP  on  the  Surface  of  a 2-Layer  Earth 
13-1  Introduction 

One  of  the  first  objectives  of  the  SEP  experiment  was 
the  detection  and  delineation  of  a planar  reflector 
buried  at  depth  in  a low-loss  dielectric  earth.  The  fields 
at  the  surface  of  the  earth  should  be  those  generated 
by  energy  transmitted  parallel  to 
the  earth's  surface  plus  energy 
reflected  from  the  underlying 
interface.  As  it  turns  out/ 
the  reflected  signal,  in  many 
instances,  is  stronger  than 
the  direct  one.  For  some 
field  components,  the 
reflected  signals  are  weak  and  the  direct  signal  dominates. 

There  *"wo  techniques  for  obtaining  mathematically 

useful  exf  r<..:^>icns  for  the  fields  ir  the  vicinity  of  the 

recon  o«region  1 interface.  The  one  technique  is  known  as 

the  geometrical  optics  solution  while  the  other  is  the 

normal  mode  solution.  The  two  solutions  for  the  fields  in 

region  of  (Z)^  o will  be  developed  here.  The  two  techniques 

are  b^sed  on  the  properties  of  the  2-layer  earth  reflection 
coefficient  discussed  in  section  9.  In  particular,  the  two 

types  of  solutions  are  contingent  on  the  applicability  of 
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equation  9-8,  the  geometrical  series  expansion  of  the 
denominator  of  the  reflection  coefficient.  The  effect  of 
magnetic  properties  will  not  be  considered  here  and  the 
permeability  of  each  region  is  taken  to  be  the  freespace 
value. 

13-2  Geometrical  Optics  Solution 

Examination  of  the  HED  radiation  fields  in  Table  10-4 
shows  all  the  TE  fields  contain  the  factor  (H  r o) 

while  the  TM  fields  contain  the  factor 

> (n-i) 

Upon  subs  iitution  of  the  2-layer  earth  TE  reflection 
coefficient  given  by  equation  9-6  and  the  equivalent  TM 
coefficient,  equations  13-1  and  2 become 

To, 

(I  - r.T- 
(I- 

where  6 = is  the  phase  shift  (and  attenuation)  for 

a 2 way  pass  through  region  1.  If  the  interfaces  are  poor 

reflectors  and  region  1 has  a finite  loss  then  the  terms 
TEi  TE  TM  TM 

R^O  ^ 12  ® ^10  ^12  ® amplitudes  less  than  unity. 

When  this  condition  is  satisfied  13-3  and  -4  can  be  written 


y 


The  nth  term  in  the  series  represents  a wave  which  has 
made  (n+1)  2 way  passes  through  region  1 before  being 
detected  at  the  receiver.  For  example,  a TE  wave  for 
n = C and  n = 1 is  sketched  below 


The  final  step  in  the  geometrical  optics  analysis  is 
the  evaluation  of  the  Hankel  transform  integral.  The  solution 
is  obtained  by  saddle-point  contour  integration  on  each  term 
of  the  above  series  and  retention  of  the  first  order  term. 

The  half-space  solution  which  is  the  term  independent  of  the 


-62- 


series  in  17-5  and  -6  is  obtained  by  retention  of  the 
second  order  terms.  The  field  expressions  are  those 
developed  in  section  12  and  given  in  Table  12-1.  As  an 
example,  the  TE  field  will  be  derived  here. 


y,  - CH.s.)  + s 
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where  H (H.S.)  indicates  the  half-space  solution  and 


* I * ^ 

(n-a) 

is  the  nth  multiple  reflection  in  the  layer. 

The  individual  terms  h”  are  evaluated  as  follows. 

z 

The  Bessel  function  is  replaced  by  the  appropriate  Hankel 
function  (see  section  11)  and  the  asymptotic  form  of  the 
Hankel  function  is  inserted  into  13-10.  The  integrand 
then  contains  an  exponential  form 

which  is  identical  in  form  tc  that  of  the  integrals  discussed 
in  section  11  and  the  saddlepoint  contour  developed  in 
appendix  1. 

Defining  = (P^  + 4(n+l)^tj^^)  the  saddle  point 

of  the  exponent  in  13-14  occurs  at 
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where  K is  the  complex  dielectric  constant  of  region  1. 
Thus 
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The  Fj^(O)  is  given  by  setting  A =A^  in  remaining  portion 
of  the  integrand  of  13-16 
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is  given  by 
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=. 


6 1'  • r) 


appears  as  if  generated  by  a spherical  wave  radiated 
from  a source  at  a depth 


(n-K.) 


which  has  the  radiation  pattern  of  the  half- space  interface 

til 

modified  by  the  angular  dependence  of  the  nth  and  n+1 
power  of  J*|^**0  and  the  interface  Fresnel  coefficients 

at  the  geometrical  emgle  between  the  receiver  and  the  n 
image  source.  This  is  sketched  in  Fig.  IJ-l. 

The  evaluation  of  each  image  contribution  by  the 
saddle  point  method  invokes  the  usual  assumptions  that  R 
is  large  and  the  Rq^^  6 product  is  considerably  less  than 
unity.  The  series  13-4  is  rapidly  convergent  in  this  case. 

As  in  the  radiation  pattern  development,  second  order  effects 
which  are  additionilhead  and  unhomogeneousAtied  to  the  inter- 
faces are  ignored.  When  the  geometric  optics  expansions  are 
reasonably  valid,  neglect  of  these  and  higher  order  terms  can 
be  made  with  reasonable  justification.  The  most  important 

second  order  terms  are  retained  in  (H.S.). 

z 

When  ^20^12^  approaches  unity,  as  it  does  for  loss 
free  media  when  A exceeds  the  critical  horizontal  wave 
numbers  for  the  two  Interfaces,  the  above  expansion  falls 
apart.  In  a geometrical  this  occurs  when 
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('1  - 17') 


or 
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for  a large  mjmber  of  n. 

The  geometrical  optics  series  terms  for  each  of  the 
TE  and  TM  fields  generated  by  the  HED  are  summarizec'  in 
Table  13-1.  The  expressions  given  are  for  the  amplitude 
of  the  nth  multiple.  Thus,  the  total  field  at  a height  h 
(small  w.r.t.  etc.)  is  given  by 


F;eU  (V4.S.) 
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with  An(''n)  being  the  quantity  listed  in  Table  13-1. 


Fig.  ia-1 
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Table  13-1 


Series  for  Fields  about 
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13-3  Normal  Mode  Solution 

The  geometrical  optics  solution  discussed  in  the 
last  section  required  three  major  assumptions.  First, 
the  expansions  IB-*^  and  13-6  must  be  valid;  second, 
the  evaluation  of  the  integral  for  each  term  in  the 
series  was  obtained  by  retaining  only  the  first  term 
of  an  asymptotic  expansion;  third,  second  order  waves 
were  totally  neglected  in  all  but  the  half-space 
portion  of  the  solution.  While  many  situations 
warrant  these  approximations , some  of  the  most 
interesting  geological  environments  may  not  meet 
criteria  for  this  type  of  solution. 

An  alternate  form  of  solution  is  the  normal 
mode  solution;  this  solution  complements  the 
geometrical  optics  solution  since  it  is  most  useful 
in  problems  where  the  geometrical  optics  solution 
fails.  The  normal  mode  solution  is  applied  primarily 
in  situations  where  the  layer  thickness  is  small, 
usually  on  the  order  of  the  medium  wavelength  or 
less,  the  interfaces  are  highly  reflective  and  the 
layer  is  almost  loss-free.  The  normal  mode  solution 
can  be  applied  in  situations  where  the  geometrical 
optics  solution  is  adequate  but  computational  efficiency 
is  usually  quite  a bit  less  when  the  solution  is 

applied. 
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The  basis  for  the  normal  mode  solution  lies  in 
manipulation  of  the  contour  of  integration  in  the 
complex  A-i  Analysis  of  each  term  in  the  geometrical 
optics  solutions  and  the  associated  saddle  point 
contour  shows  that  the  limiting  contour  for  P/Z  >>  1 
is  as  sketched  in  Fig.  13-2.  This  limiting  case 
P/Z  -►  “>  is  defined  as  the  normal  mode  integration 
contour.  The  original  contour  along  the  real  A axis 
is  deformed  to  this  contour.  In  the  process  of 
performing  this  deformation,  11  singularities  of 
the  integrand  must  be  accounted  for.  The  singularities 
of  the  integrand  are  just  the  poles  associated  with 
the  zeros 

I - -o  C'TAC) 


(TE  or  TM  superscripts  implied) . As  an  example  of 
how  the  procedure  goes,  the  Hz  TE  field  will  be  used 
as  an  example 
First 


r Cn-a.) 


The  second  line  is  the  form^fthe  integrand  after 
taking  the  integration  path  along  the  real  A path 
from  -«  to  +“  and  moving  it  to  the  limiting  P/Z 
case  shown  in  Fig.  13-2.  The  residue  sum  takes  into 
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account  the  poles  of  the  integrands  crossed  in 
deforming  the  contour  and  integrals  are  contours 
around  the  branch  cuts  associated  with  radicals 
(Ki  Thus  implies 

Si(i 

5 paA  ' J a-a.  f Ja 

**  iTfc(f 

where  Pp  and  Pj^  denote  the  values  P takes  on  the 
right  and  left  side  of  the  branch  cut.  The  other  Bi 
contours  have  the  same  form  'is  13-22. 

13-3  (i)  Normal* Wavenumbenr An 

At  this  point  it  is  informative  to  examine  the 
singularities  of  the  integrand.  Inspection  shows  that 
the  only  singularities  besides  the  branch* points  are 
the  poles  associated  with  the  solution  of  13-20.  The 
nature  of  the  solution  of  13-20  is  most  easily  vtiocr- 
stood  by  considering  special  cases  first  and 
working  toward  more  complicated  situations.  The 
simplest  of  all  models  is  the  one  used  in  electric? I 
engineering  waveguide  analysis.  Here  Rj^q  « Rj^2  * i,  ^ 
(i.e.  the  walls;  regions  0 and  2)are  perfect  ref?.ectors 
(i.e.  perfect  conductors)  and  region  1 is  loss  free. 


-69- 


Then  13-20  becomes 
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Taking  the  log  of  13-23  yields 
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The  solutions  A- n of  13-23  lie  in  the  complex  A plane 
as  sketched  l.elow  ..  . 


For 


real  A axis  while  for  values  greater  than  J*Kj^  the  roots 
lie  on  the  imaginary  axis.  If  one  returns  to  the  plane 
wave  spectrum  notation,  it  is  readily  seen  that  the  real 


-70- 


A corresponds  to  waves  propagating  in  the  radial 
direction  whereas  the  poles  in  the  imaginary  axis  are 
evanescent  waves  decaying  exponentially  with  the 
radial  distance.  There  are  a doubly  infinite  set  of 
solutions  y\n  and  in  addition,  there  is  a second  set 
of  roots  on  the  other  Riemann  surface  of  the  radial 
The  next  step  in  the  discussion  is  to  consider 
the  situation  when  region  1 has  a finite  loss.  The 
solution  for  An  is  identical  to  13-26  and  -27  with 

complex.  The  solutions  A n are  shown  below 

1«.A 


The  poles  now  lie  on  the  dotted  line  which  is  the  path 
in  the  complex  plane  where  I'm  ^ 0.  It  is  raadily 
seen  that  the  no-loss  case  is  the  limiting  case  of  the 
one  above  with  two  non-intersecting  branches.  It  is 
also  apparent  that  there  is  no  clear  distinction 
between  propagating  and  evanescent  waves.  The  wav*?s 
which  formerly  were  unattenuated  with  radial  distance 
have  a small  attenuation  while  those  exponentially 
decayed  with  radial  distance.  When  the  loss  is  small, 
the  dotted  line  lies  close  to  the  real  axis  and  bendj 
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abruDtly  upwards  near  the  imaginary  axis  so  that  the 
evanescent  and  propagating  terminolgy  can  still  be 
applied. 

The  preceding  example  is  of  little  interest  to 
SEP  applications,  but  it  does  show  the  basic  effects 

of  finite-loss  and  layer  thickness  t^.  As  ti  increases  = 

the  A n become  more  closely  spaced  and  more  and  more  ^ 

move  into  the  propagating  regime.  j 

I 

Two  last  examples  of  the  behaviour  of  the  iV  n j 

solutions  provide  insight  into  the  general  case  uo  be  j 

considered  in  a moment.  First,  the  case  of  = C a : 

constant.  If  |C|  < 1,  the  upper  boundary  is  leaky  and  \ 

some  energy  leaks  out  of  the  layer  with  every  reflection  ‘ 

at  the  boundary.  If  |c|  > 1,  the  upper  boundary  is  j 

active  or  the  region  0 is  resonant  in  some  way  or  j 

another.  In  the  following  sketches,  the  /v  n for  the  1 

finite  loss  case  are  shown  in  the  positions  they  would  1 

assume  if  |C|  > 1,  |C|  < 1 for  ^ C = 0 and  finally  |cl  = 1 | 


r 

'■  j 


Id  <1  /c  = 0 

Id  =1  IS  ^ ^ 


The  interpretation  of  the  behaviour  is  simple.  For 
Id  > 1,  the  radial  must  have  an  imaginary  component 

r,  = o/  Co-ae) 

such  that 

(cl  e.  -s.  "t 

Hence  3 > 0 if  |c|  >0  and  An  is  moved  left  and 
downwards  from  the  dotted  line  along  which  3 = 0.  If 
|C|  =1  but  C has  an  arbitrary  phase,  the  A n slide  up 
or  down  the  line  3 = 0 to  yield  the  appropriate  phase 
shift. 

The  preceding  examples  provide  the  insight  as  to 
how  a real  model  might  behave.  The  simplest  geophysical 
model  is  the  case  retaining  R^2  = taking  Rj,q  as 

the  boundary  between  two  loss-free  media.  Thus 

I - O (13-70) 
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As  a demonstration,  the  TE  case  will  be  discussed  in 
detail.  The  TE  reflection  coefficient  has  the  form 


R 


to 


(\1- 1\) 


and  examination  of  the  behaviour  of  along  the  real 
A.  axis  shows  that  varies  as  shown  below 


The  wavenxjrober  A ■ corresponds  to  a ray  incident  at 

at  the  1-0  boundary  at  the  critical  angle;  beyond  the 
critical  angle  out  to  a = maximum  allowable 

horizontal  wavenumber  the  region  1 will  permit  to  bo 
non-evanescent,  the  reflection  coefficient  has  an  amplitude 

of  unity^  phase  of  R^q  swings  form  0 to  i\.  as  A runs  from 


- 7-^  - 


or  the  reflection  coefficient  is  less  than  1 and 

^ o 

has  a phase  of  0.  The  solution  of  13-30  will  yield  the 
positions  of  A n to  be  sketched  below. 


Ra  '3-3 


The  positions  of  the  yin  can  be  synthesized  by  combining 
Fig.  13-3,  -6  and  -7.  For  A<  ^ and  An 

must  be  located  up  and  to  the  right  of  the  line  Im  = 0. 
For  the  region JKq  < A < J-  the  An  lie  on 
the  real  axis  but  shifted  along  due  to  the  finite 
phase  of  In  the  above  example, A n,n  = 1 and 

2 correspond  to  true  guided  waves  while  An  n = 

3 to  * are  leaky  modes  of  the  layer.  These  leaky 
modes  decay  exponential  with  radial  (horizontal) 
distance  due  to  finite  leakage  of  energy  upwards 
into  region  0.  If  region  1 is  made  lossy,  the 
behaviour  is  similar  to  that  sketched  in  Fig. 

13-4. 

The  solution  of  13-30  has  the  corresponding 

set  of  An  solutions  not  shown  in  Fig.  13-9.  In 

addition  each  Riemann  sheet  of  which  there  are 

now  four  has  its  own  set  of  solutions.  Thus 

there  are  four  doubly  infinite  sets  of  solutions 

The  last  case  to  be  considered  is  the  one  where 

regions  0 and  2 are  both  dielectric  media.  Then  one 

must  consider  the  effect  of  which  has  the  form 
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For  case  1,  the  product  IRj^q  ^^2^  < 1 except  at 


A = while  for  case  2 the  product  Ir^q  Rj^2l  “ ^ 
nTKj  <A<>TKj^*  The  two  cases  yield  the  schematic  role 


positions  shown  below 
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For  case  1,  no  truly  guided  mode  can  exist.  All 
A n are  complex  since  there  is  no  A for  which  ^12  ^ 

= 1.  Energy  is  continually  leaking  into  the  upper  and/or 
lower  half space. 

For  case  2,  however,  it  is  possible  to  generate 
unattenuated  guided  waves  since  ^ 

interval  of  A • In  this  case  Jl<o  ®nd  Jk2  <A<  and 
A corresponds  to  rays  incident  at  angles  greater  than 
the  critical  angle  for  the  two  interfaces.  The  slab 
then  becomes  a dielectric  wave  guide  if  the  thickness 
is  sufficiently  great  to  move  some  of  the  A n into 
this  interval  of  the  real  axis.  For  finite  loss  in 
the  media,  the  ^n  are  pushed  up  from  the  real  A axis. 

In  this  problem,  the  branch  cuts  generate  an  8 sheeted 
Riemann  surface  each  with  its  own  set  of  A n. 


13-3  (ii)  Normal  Mode  Amplitude 

In  the  preceding  analysis,  the  normal  mode  wave- 
numbers  were  discussed  in  relation  to  the  physical 
parameters  of  the  problem.  Returning  to  equation 
13-21,  the  residue  series  becomes  a sum  over  the 
normal  mode  wavenumbers  An.  Each  A n corresponds  to  a 
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Simple  pole  in  the  integrand.  The  amplitude  of 
the  residue  at  each  pole  then  yields  the  excitation 
amplitude  of  the  mode  for  the  given  source  and  layer 
geometry . 

The  eunplitude  of  a mode  is  obtained  as  follows 
where  Hz  is  used  to  demonstrate  the  procedure. 

The  integrand  of  Hz  has  the  form 
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In  the  vicinity  of  J^n, 
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The  residue  at  the  pole  A n is  obtained  by  multiplying 
13-35  by  (A-A-n)  and  taking  the  limit  asA-^iVn.  Thus 


^ VA  M , ( Aw.  0 


where  is  the  normal  mode  amplitude  of  excitation 
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factor,  The  asymptotic  form  of 
mode  behaves  as 


<S, 


shows  that  the 


0 3-70 


Thus  all  modes  have  a characteristic  distance 
in  which  they  exponentially  decay  beyond  detection 
unless  they  have  Im^  =:  0.  In  the  case  Im  ^ 0, 

The  field  may  then  be  expressed  as 


w!  iixJ)  Cn-77) 

Examination  of  A.,  shows  that  A -*■  j~  as  n -►  «. 

Therefore,  in  any  practical  situation  where  P is 
finite,  the  series  sum  can  be  truncated  without  loss 
of  accuracy , Thus 


^ H.'l/Uf)  + j +•  ( 

****  'O*  O*  ‘^•v 

where  M is  primarily  determined  by  the  geometry. 

In  addition  to  the  attenuation  truncation  of  the 
series,  there  is  another  factor  which  must  be  considered 
as  t^  0.  The  number  of  on  the  upper  Riemann  surface 
used  earlier  actually  becomes  finite  and  M 0 as  t^^  0. 

Plctorlally  the  A ^ lie  on  lines  determined  by  t^  as 
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sketched  in  Fig.  13-12,  As  to  tj^  0,  pole  n = 1 
moves  up  the  contour  and  the  contour  wraps  itself 


onto  one  of  the  lower  Riemann  surfaces. 

a*  * 
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The  position  of  pole  1 is  schematically  indicated  on 
the  diagram.  TU*-  u*t**»i 


13-3 (i)  Branch  Line  Contributions 

The  final  stage  of  the  analysis  by  the  normal  mode 
technique  is  the  evaluation  of  the  branch-line  contributions. 
The  analysis  will  not  be  carried  out  in  detail  since  it  is 
identical  in  form  to  that  considered  for  the  half-space 
solutions  in  section  12.  The  integrals  cannot  be  evaluated 
exactly  but  asymptotic  forms  obtained  by  steepest  descent 
integration  are  quite  often  adequate. 

The  first  thing  to  be  noted  is  that  the  integral 
is  identically  0.  The  asymmetry  of  the  invegrand  about  the 
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br2mch-cut  faces  the  integral  to  vanish, 
two  integrals  take  the  form 

f ^ 


s 


The  other 


( n-  31  ) 


S 


( n-  40  ) 


which  are  second  order  lateral  and/or  inhomogeneous 
waves  tied  to  the  interfaces. 

The  above  solutions  for  the  normal  mode  and  branch 
line  integrals  are  valid  except  for  the  case  of  ^ 

and  Im  Kq  « Im  h 0.  In  this  case,  certain  critical 
values  of  t^  cause  a pole  to  align  itself  with  the 
branch-point.  At  the  same  time  a pole  in  the  lower 
Riemann  surface  also  coalesces  with^l^.  The  result 
is  a second  order  pole  at  the  branch  point.  The 
integral  in  this  very  special  case  can  be  analysed  by 
subtracting  of  the  residue  contribution  which  yields 
a "guided"  laterf'or  leaky  wave  which  has  the  form 


as  D gets  large.  Since  this  situation  rarely  occurs 
in  real  media,  its  role  will  not  be  dealt  with  in  detail. 
One  other  point  which  should  be  briefly  mentioned 
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is  the  pole  associated  with  the  Sommerfeld  "surface" 
wave.  For  a dielectric  layer  which  is  very  thin  over 
a perfect  reflector.  This  pole  can  appear  on  the 
upper  Riemann  surface.  As  a result,  the  TM  energy 
will  be  channeled  into  a guided  wave  for  smaller 
values  of  tj^  than  will  TE  energy.  Since  t!  e real 
environments  of  interest  are  quite  lossy,  the 
details  of  this  case  are  primarily  of  academic  interest. 

13-3  (iv)  Summary 

The  preceding  discussions  demonstrate  the 
development  of  the  normal  mode  solution.  In  table 
13-2,  the  A^  Do  and  D2  amplitudes  for  the  various 
field  components  listed  in  Table  10-4  are  summarised. 
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14  N-Lavered  Earth  Response  : The  "Fast"  Hankel  Transform  (FHT) 

In  the  preceding  sections^  the  analysis  particular 
earth  models  was  carried  out  by  the  use  of  approximate 
integration  methods.  While  these  results  provide  a 
useful  bas's  to  start  from,  the  need  for  a more 
generalized  model  to  simulate  the  presence  of  several 
subsurface  interfaces  ot  to  model  at  gradational  change 
in  material  properties  becomes  important  when  one  must 
attempt  to  interpret  real  data.  The  next  simplest  model 
for  SEP  purposes  is  to  consider  N-plane  layers.  The 
most  interesting  models  which  are  virtually  intractable 
to  analysis  in  a general  way  are  models  which  exhibit 
both  vertical  and  lateral  variations  in  material 
properties . 

The  N-layered  model  is  just  an  extension  of  the  half- 
space and  2-layer  model.  The  spectral  forms  of  the  fields 
are  readily  obtained  and  the  main  obstacle  to  determining 
the  field  strengths  as  a function  of  spatial  position  is 
the  evaluation  of  the  Hankel  transform.  While  the 
approximate  methods  of  earlier  sections  may  be  applied, 
it  becomes  very  difficult  to  handle  the  approximations 
required  at  each  step.  As  a result,  a fast  numerical 
method  of  detejnnining  the  Hankel  transform  directly  on 
a computer  was  sought.  The  resuTt  is  an  algorithm  which 
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combines  the  Fast  Fourier  Transform  (FFT)  method  and 
a Gaussian  quadrature  based  on  Chebychev  polynominals 
to  directly  evaluate  the  Hankel  transform.  This 
section  is  devoted  to  the  mathematical  niceties 
required  to  reduce  the  infinite  integral  to  an 
approximate  form  which  facilitates  evaluation  with 
the  afore-mentioned  numerical  quadrature  schemes. 

The  general  Hankel  transform  pair  are  expressed  by 


■fCOx  ^ ^ JIX 

PCX')  - fco  3’vvCX'r')  dv- 


The  expressions  14-1  and  -2  are  identical  in  form,  so 
that  the  evaluation  of  one  by  some  ntimerical  method 
assumes  the  evaluation  of  the  inverse  transform. 

The  first  step  in  the  analysis  is  to  replace  the 
Bessel  function  by  its  integral  representation. 

_ , . /;  V''  j2rc©»«P 

Now  the  transformation  of  integration  variables 


is  applied  to  14-3  with  the  result 
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Noting  now  that  the  Chebychev  polynomial  of  the  first 
kind  and  of  nth  degree  is  given  by 


TviC>)=-  cosfv. 


and  defining 


?/ 


15(0  --  ^ 

' \x\«a 

equation  14-5  becomes 


iMi 


which  is  readily  identified  as  a Fourier  integral  transform. 
The  inverse  transform  integral  associate  with  14-6  is 


therefore 


(*** 


With  this  development  complete,  14-1  can  nov/  be 
rewritten  in  a more  useful  form.  First,  14-5  is  used  to 


replace  Jpj  (Ar)  in  14-1, 
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The  integration  roles  are  now  interchemged  with  the  result 
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Using  the  symmetry  properties  of  the  Bessel  function 

(.,•)"  3..C*) 

14-9  finally  becomes 

I 5 ( G-CA)  d-u 

■ ■ I ^ 

where 

G-Ca)-  A<=Ca)  A>o 

- C-0  /A\FC«AI>  X<o 
and  ‘ FCO 

- yU-r 

The  interior  integral  in  14-11  is  readily  identified 
as  a Fourier  integral  transform 


0 4-iF) 


0^-  f b') 
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and  14-11  becomes 

FCr)--  U)  ('  <14- '8) 

J. 

At  this  stager  the  transform  has  been  reduced  to  the  form 
amenable  for  numerical  analysis.  The  two  integration  steps 
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14-14  and  14-15  essentially  take  the  spectral  function, 

it  into  its  two  dimensional  equivalent  and  finally 
do  an  azimuthal  quadrature  to  obtain  the  three  dimensional 
response . 

In  the  FHT  algorithm,  14-14  is  evaluated  by  the 
PFT  method.  Under  the  assumption  that A)  can  be 
written  or  reformatted  in  a manner  that 

G-CK)  ® A —5>  -«> 


0 


where  is  a limit  chosen  such  that  G(A)  may  be 
assumed  0 for  all  A ^ As  an  example  of  how 

G can  be  taylored  if  it  does  not  go  to  0 asA”**®is  the 
case  where 

G'Ca')  — y c ccv  X (}**-  :n) 


Defining 


G-  - C 


C 1 4 - J a ) 
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In  other  words  the  limiting  behaviour  as  ^ 


can  be  analysed  and  usually  an  exact  evaluation  of  the 
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behaviour  at  high  wavenumber  can  be  derived. With  the 
integration  limit  to  a finite  interval,  the  next  step 
is  to  digitize  G(A)  at  equispaced  intervals.  Thus 
the  discrete  form  of  G( A)  is 


Thus  14-17  becomes 


If  it  is  then  decided  to  evaluate  at  a discrete 

set  of  2N  points  equalispaced  at  interval  S 


(«4--ac) 


Noting  now  that  chosing 


one  has 


which  is  the  conventional  form  of  an  FFT  with  2N  points. 
If  one  now  redistributes  G^^  end  the  subscript  notation 
by  defining 
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The  second  integral  is  reduced  to  a numerical  quadrature 

by  use  of  the  general  Gaussian  quadrature  method  with 

. . 2 -1/2 
wexghting  function  (1  - u ) ' . Without  delving  into 

the  details,  the  result  (Abramowitz  and  Stegun  (1965))  is 


where 
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The  only  remaining  problem  is  to  bolt  these  two  quadratures 
together.  The  main  difficulty  is  that is  available 
only  at  discrete  points  S while  it  is  required  at 

points  Xj^r.  In  order  to  complete  the  quadrature  some 
form  of  interpolation  scheme  is  required  to  map  from 
i rxj^. 

If  one  uses  linear  interpolation,  one  can  write  the 
piece-wise  continuous  function 


where 


(w) 


( I**  H (oZ-ti)  ^(4-11*) 


s =. 
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Combining  all  the  pieces  one  has 
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The  basic  assxunptions  built  into  this  development  are 
summarized  as  follows: 

1.  Band  limiting  of  G(A  ) to  limits  ^ to 

The  are  determined  by  considering  the 
function 

2.  The  next  step  is  the  digitization  of  G at 
interval  ^ . The  interval  must  be  chosen 
in  order  that  it  will  adequately  resolve  the 
spectrum  U . 

3.  With  the  spatial  interval  determined  by 

and  N,  an  interpolation  routine  must  be  set  up 
to  generate  at  any  arbitrary  value  of  the 
argument . 

4.  The  second  quadrature  requires  picking  of  the 
sampling  density  of  the  quadrature.  This  step  is 
determined  by  the  M for  the  Chebychev  quadrature. 
The  sampling  occurs  at  the  roots  of  the  Chebychev 
polynomial  of  degree  M. 

With  the  above  algorithm  it  is  a strictly 
computational  problem  for  determining  the  approximate 
field  strengths  over  an  N-layered  earth  for  any  spatial 
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position.  There  are  practical  limitations,  however, 
since  letting,  M,  N become  large  which  is  occasionally 
required  by  some  awkward  models  makes  the  computational 
expensive  far  too  high  for  routine  operation. 

Section  15  Summary 

The  development  of  all  relevant  mathematical 
forms  required  for  the  SEP  plane-layered  model  is 
complete  at  this  point.  The  application  of  the 
theoretical  development  appears  in  various  papers  and 
SEP  documentation.  It  is  hoped  that  a record  report 
similar  to  this  which  would  present  the  numerical 
tricks  and  program  listings  as  well  as  sample  computations 
which  parallel  the  theory  presented  here  will  be  completed 
in  the  future. 

The  preceding  book  contains  most  of  the  relevant 
mathematical  tricks  for  analysis  of  geophysical 
electromagnetic  problems.  The  asymptotic  expansion 
methods  and  the  FHT  quadrature  method  are  more  eunenable 
to  conductive  earth  problems  since  all  spectral 
singularities  are  smoothed  out  and  the  numerical 
computations  are  easier. 
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Niunerlcal  Evaluation  of  Saddle  Point  Contour 


The  saddle  point  method  of  evaluating  some  of  the  Hankel 
emd  Fourier  transform  integrals  is  exploited  to  varying 
degrees  in  the  body  of  this  work.  In  this  appendix,  a 
brief  summary  of  the  numerical  determination  of  the  saddle 
point  contour  is  considered. 

The  saddle  point  is  defined  by  examining  the  kernel 
function 


fCA) 

e 


In  the  case  at  hand,  f(X)  has  the  form 

v*-C 

The  objective  of  the  saddle  point  method  is  to  find 
where  f has  a saddle  point  €Uid  thence  to  deform  the 
integration  contour  into  a contour  of  steepest  descent 
through  the  saddle  point. 

The  saddle  point  of  f in  the  above  discussion  occurs 
at  the  point  where 


If 
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with  the  result  that 
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The  physical  Interpretation  of  this  result  should  be  obvious; 
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the  maximum  result  a given  spatial  position  will  be 
received  from  those  elements  of  the  wavenumber  spectrum 
which  propagate  in  that  spatial  direction.  Hence  the 
saddle  point  can  be  determined  directly  from  the  geometry. 

With  the  saddle  point  defined,  the  next  step  is  the 
definition  of  the  steepest  descent  contour.  Along  this 
contour 

~ H-7 

where  U is  a real  variable  which  is  identically  0 at 
A s Xp.  The  problem  now  is  to  define  a contour  in  the 
complex  A plane  such  that  f has  the  functional  form  ^7) 

Since  the  path  in  the  A plane  corresponds  to  the  real  axis 
of  the  complex  y plane,  one  is  attempting  to  find  the 
mapping  of  the  real  y axis  in  the  complex  A plane. 

In  the  vicinity  of  the  saddle  point,  it  is  not  difficult 
to  ascertain  the  contour  behaviour.  Defining 

A>8 

Then 

a. 

Comparing  (9)  with  (7)  yields 

A . i ( - u 
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Then 
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Pictorial ly  one  has 
the  contours  of  f(X)-f(Xp) 
sketched  at  the  right. 

The  steepest  descent  path 
passes  through  the  saddle 
point  as  shown. 

If  k is  real^  the 
saddle  point  lies  on  the  real 
X axis  and  the  steepest  descent 
contour  passes  through  the 
saddle  point  at  a 135*  and  -45*  angle. 


Xm  V 


For  some  numerical  computations, 

the  exact  position  of  the  steepest  descent  contour  is  important. 
The  remainder  of  this  section  is  related  to  determining  the 
exact  position  of  the  steepest  descent  contour  numerically. 

The  most  useful  starting  point  in  analysing  the  behaviour 
of  the  steepest  descent  path  is  to  look  at  its  asymptotic 
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limits  since  the  behaviour  near  the  saddle  point  is  well 
defined.  This  is  done  oy  taking 

A"*-  A-n 

where  A >>k,  kR  etc.  (similarly  for  u) . In  this  instance 


f(A)  » j (rt  vAT)  “>u.* 
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Now 
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4-ec 

Since  p 

is  real  and  negative  the  limiting  angle  (1  must 

be  such 

that 

R.  , 

4-  n 

ffeip)  >o 
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Breaking  the  bracketed  part  of  (l()into  real  and  imaginary 
con^nents  and  taking  the  4-ir/2  factor  yields 

" 2 4-15 

Now,  by  , 
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If  the  -ir/2  factor  is  chosen  (2ft)  wculd  become 

-vjTtdnS  A~ax 

and  (24)  would  become 

' “"I  ' '^Ctr-(l4,) 

The  sign  choice  depends  or  the  particular  choice  of  the 
branch  cuts  for  the  radical  (k*-  Examples  of  the  form 

of  the  saddle  point  contour  are  shown  in  Fig.  1. 

The  asymptotic  limits  are  defined  by 
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A FORTRAN  program  was  written  to  map  the  saddle  point 
contour  in  the  complex  X plane  as  a function  of  the 
parameters  f,  Z,  and  tan  6 (k^  « (1  4-  j tan  6). 

The  numerical  procedure  is  a 2 step  process.  For  a 
given  value  of  u,  an  estimate  of  the  corresponding  value 
of  X is  obtained  by  using  a weighted  combination  of  the 
small  u and  asymptotic  form  for  large  The  estimate 
of  A is  Ae 

^s«iktttf  Cl-V)  ^ N X U 

where 
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From  the  initial  guess  Xe,  a Newton  iterative  scheme 
is  used  to  zero  in  on  the  correct  value  of  X.  On  the 
saddle  point  contour 

For  Xe  one  has 

fCAe)- 

where  e is  the  error  from  the  fact  that  Xe  is  not  the 
correct  value  of  X.  On  the  assumption  that  Xc  is 
reasonably  close  to  the  correct  value  Xt»  one  expands  f 
about  Xe  in  a Taylor  series,  (f  assumed  analytic;  in  this 
example  f is  not  analytic  at  the  branch  cut  so  a few  minor 
computational  tricks  have  to  be  used) 

fCXe')  (Ae)  ^ A-II 

a. 


The  next  estimate  of  Xt  is  obtained  by  setting 
and  solving  for  a yields 


A-7t 


where 


Ae  ~ 


A-JS 


In  the  limit  as  £”/£'  -*0,1%  becomes 
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Near  the  saddle  point,  the  expression  for  A given  in 
equation  40  is  used  since  £'  = 0 at  Xp.  The  choice  of 
sign  for  the  radical  in  40  is  the  one  which  makes  the 

I 

[ |a|  smallest.  Far  from  the  saddle  point  41  can  be  used 

f since  f/f*  becomes  small  as  Ik)  -*■  «>. 
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Appendix  2 

of  Useful  Hankcl  Transforms 
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the  report. 
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ABSTRACT 


The  Surface  Electrical  Properties  (SEP)  Experiment  was 
performed  as  part  of  the  Apollo  17  Mission.  This  report 
describes  measurements  made  with  a scale -model  simulation 
of  the  experiment.  Included  is  an  extensive  set  of  traverse 
patterns  taken  with  a dielectric  fluid  overlying  metal  and 
dielectric  plates  both  with  and  without  the  addition  of 
various  structures  designed  to  simulate  various  features  such 
as  crevasses,  craters,  and  buried  objects.  Horizontal- 
interface  traverses  are  shown  to  generally  agree  with  theo- 
retical calculations.  Various  experimental  techniques  used 
are  discussed  and  an  index  to  traverses  recorded  on  magnetic 
tape  is  given. 
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1.0  INTRODUCTION 


This  is  the  final  report  dealing  with  modeling  activities 
carried  out  in  support  of  the  Apollo  17  Surface  Electrical 
Properties  Experiment^.  The  modeling  activities  consisted 
of  operation  of  a scale  model  of  the  SEP  experiment,  which 
utilized  a technique  known  as  radio- interferometry  depth 
sounding  ' to  study  the  electrical  properties  of  the  upper 
layers  of  the  moon's  surface.  Figures  1-1  and  1-2  illustrate 
the  SEP  experiment  and  the  model  respectively. 

Previous  reports^ have  discussed  in  detail  the  general 
design  and  operation  of  the  model  and  have  included  detailed 
work  concerning  antenna  patterns  and  traverse  patterns 
(recordings  of  signal  strength  vs.  transmitter-receiver 
separation)  taken  without  a dielectric  medium  present.  In 
addition,  the  last  report  contained  a preliminary  set  of 
curves  taken  using  dielectric  fluid  and  the  metal  plate. 

The  purpose  of  this  final  report  is  to  exhibit  the 
extensive  set  of  traverse  patterns  which  the  model  was 
designed  to  produce.  Section  2.1  describes  traverses  made 
with  a low-loss  dielectric  fluid  over  a metal  plate  at 
various  depths  and  inclinations.  Section  2.2  describes 
similar  data  collected  using  a lossy  dielectric  slab  in 
place  of  the  metal  plate,  with  the  addition  of  traverses 
taken  using  objects  simulating  craters,  crevasses,  spheres, 
and  irregular  blocks  positioned  in  the  dielectric  fluid. 

Both  the  above  sections  contain  comparisons  of  the  experi- 
mental horizontal-interface  traverses  with  theory;  general 
agreement  is  apparent. 
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Section  2.3  discusses  traverses  made  using  the  dielectric 
fluid  with  its  loss  tangent  adjusted  to  various  values. 

This  group  includes  traverses  taken  both  with  and  without 
the  metal  plate  using  objects  simulating  craters,  crevasses, 
mountain* sides,  and  submerged  steps  and  ridges.  Section  2.4 
describes  data  collected  using  spheres  positioned  in  the 
low-loss  fluid  both  with  and  without  the  metal  plate. 

Section  2.5  details  traverses  collected  using  flat  circular 
metal  plates  simulating  a buried  waste  dump  at  the  DYE- 3 
site  in  Greenland.  Figures  1-3,  4,  5 illustrate  the  various 
complex  structures  used. 

Section  3 describes  antenna  results  obtained  since  the 
last  report  and  Section  4 discusses  various  experimental 
details.  Section  5 contains  an  index  to  data  which  has  been 
recorded  on  digital  tape. 
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Figure  1-5.  — Melange  of  structures  used.  Side  view  of  tank 


2.0  TRAVERSE  RECORDINGS 


0 

All  data  discussed  in  this  report  were  obtained  with 
half-wave  dipoles  as  transmitter  and  receiver.  Transmission 
power  was  in  the  range  1 milliwatt  to  1 watt  at  a fixed 
frequency  of  5.9  GHz  (corresponding  to  a freespace  wavelength 
(wl)  of  5.08  cm).  Signal  detection  was  performed  with  a 
1N23  microwave  diode. 

The  receiving  antenna  was  driven  at  .127  wl/sec  down 
the  center  of  a 30  wl  long  x 15  wl  wide  x 15  wl  deep  fiber- 
glass tank  (see  Figure  1-2)  lined  with  microwave  absorber 
(Eccosorb  CV-3).  The  tank  was  filled  with  Shell  Diala 
transformer  oil  having  dielectric  constant  2.16  and  loss 
tangent  .002. 

Except  for  a few  curves  in  Section  2.3  all  traverses 
measure  the  E-Phi  broadside  component,  i.e.  both  the  trans- 
mitter and  receiver  were  horizontal  and  perpendicular  to 
the  traverse  direction.  Toward  the  final  stages  of  the  model 
work  it  was  discovered  that  agreement  between  model  and  theory 
could  be  greatly  improved  in  the  .6  wl  depth-range  for  a 
horizontal  metal  plate  by  switching  from  simple  half-wave 
dipole  antennas  to  more  sopthisticated  and  better  balanced 
slot-fed  half-wave  dipoles^.  These  new  dipoles  were  used  to 
collect  all  data  in  Sections  2.1  and  2.2  except  2.1.3.  All 
other  data  were  collected  with  simple  dipoles. 

In  order  to  minimize  unwanted  background  signal,  in  some 
cases  in  Section  2.1  and  2.2  a sheet  of  microwave  absorber 
was  positioned  vertically  in  front  of  the  transmitter  at 
1.5  wl  range.  This  "baffle"  (see  Figure  1-5)  extended  down- 
ward to  .5  wl  above  the  oil's  surface.  Traverses  for  which 
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the  baffle  was  in  place  can  be  identified  by  the  fact  that 
the  recording  begins  at  approximately  3.25  wl  range.  Documen- 
tation of  the  small  effect  of  the  baffle  can  be  obtained  by 
comparison  of  the  following  pairs  of  redundant  traverses: 

1,  32;  2,  18;  87,  91;  88,  98;  89,  107;  90,  115. 

The  traverses  included  in  Section  2.1  through  2.3  are 
plots  of  digitally  processed  data  which  were  originally 
recorded  on  magnetic  tape.  The  purpose  of  the  tape  is  to 
permit  future  convenient  access  to  model  data  for  manipula- 
tion and  interpretation.  The  digitization  process  introduced 
high-frequency  noise  into  the  data  which  was  removed  by 
filtering.  In  some  cases  additional  filtering  was  used  to 
attenuate  undesirable  background  signal.  The  digitization 
process  also  introduced  small  range  errors  which  seem  to  be 
reflected  generally  in  a shift  of  the  traverses  to  the  right 
of  about  .1  wl.  In  cases  where  extremely  high  range  resolu- 
tion is  needed  the  original  X-Y  recorder  plots  of  the  raw 
data  should  be  referred  to.  See  Sections  4.1,  4,2,  and  5 
for  details  on  recording  and  processing  and  an  index  to 
digitized  traverses. 

Each  traverse  in  Sections  2.1  through  2.3  ii  labeled  to 
the  right  with  a run  number  and  other  special  information. 

In  addition  each  traverse  has  a reference  mark  on  the 
vertical  axis  which  corresponds  to  a fixed  received  power- 
level  of  nominally  -25  dBm.  Since  the  transmitter  power- 
level  is  given  for  each  group  of  traverses  a comparison  of 
absolute  signal  levels  between  any  two  given  curves  is 
possible.  A convenient  way  to  do  this  is  to  adjust  each 
reference  mark  upwards  at  the  rate  of  1"  for  each  15  dBm  of 
transmitter  power;  each  adjusted  reference  mark  then  repre- 
sents a signal  power-level  25  dB  below  the  transmitter  power. 
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The  threshold  power-level  of  roughly  -62  dBm  corresponds  to 
approximately  2.5”  below  the  -25  dBm  reference  mark. 

2.1  TRAVERSES  OVER  A METAL  PLATE 

In  order  to  simulate  a buried  perfectly  reflecting  layer, 
an  aluminum  plate  of  dimensions  30  wl  x 15  wl  was  designed 
for  positioning  in  the  metal  tank  at  various  depths  and 
inclinations.  The  traverses  taken  accordingly  are  grouped 
in  Appendix  A.  Each  curve  is  labeled  with  plate  depth  (DJ 
and  inclination  (9).  All  experimental  curves  in  Appendix  A 
were  digitally  filtered  to  remove  unwanted  signal  of  period 
approximately  .5  wl  apparently  associated  with  undesired 
reflections  off  the  tank  wall  at  the  opposite  end  from  the 
transmitter.  These  reflections  interfere  with  the  direct 
transmitter  energy  to  set  up  a standing  wave  pattern  through 
which  the  receiver  moves.  The  filteiing  has  attenuated  by 
roughly  50  percent  the  close-range  oscillations  present  for 
the  greater  plate  depths  (see  Section  4.2). 

2.1.1  Horizontal  Metal  Plate 

Figures  A-1  — A-3  contain  plots  of  digitized  data  taken 
over  the  full  range  of  metal  plate  depths  used.  Figures  A-4 
— A-10  are  similar  plots  for  small  deptli  increments  at  shallow 
depths  taken  using  the  baffle.  The  dashed -line  curves  are 
theoretical  plots  of  the  power  associated  with  the  field 
component  calculated  using  normal -mode  theory  developed  by 
Dr.  A.  P.  Annan.  Where  the  depth  used  for  theoretical  cal- 
culations is  different  from  the  value  given  in  column  "D”, 
the  correct  depth  is  indicated  near  the  end  of  the  theory 
plot. 
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Generally  good  agreement  between  experimental  and 
theoretical  data  is  apparent.  Some  disagreement  at  short- 
range  is  apparent,  especially  neai  .7  wl  and  1.18  wl  depths 
and  at  3 wl  and  4 wl  depths.  There  Jisagreements  are  probably 
associated  with  inaccuracies  in  the  mode-theory  calculations 
near  certain  critical  depths.  These  depths  arc  characterized 
by  a normal  mode  propagating  at  or  near  the  critical  angle  for 
the  oil-air  interface  and  are  given  by 

d ■ (2m  - 1)[X/4(K’  - 1)^/^]  m = 1,2,3  ••• 

in 

Where  for  K*  ■ 2.16  the  bracketed  quantity  equals  .2321  wl . 
Thus  .696  wl,  1.16  wl , 3.02  wl , and  3.95  wl  are  critical  depths 
possibly  connected  with  the  above  cited  disagreements;  indeed 
recent  numerically  calculated  normal -mode  theory  (see  dotted 
curves  in  Figures  A2,  A6,  A7,  and  AlO)  disagrees  in  each  of 
these  cases  with  regular  normal-mode  theory.  While  the  dis- 
agreement between  model  and  theo’'y  is  in  no  case  completely 
eliminated  by  the  introduction  of  this  latest  improvement  in 
the  theory,  these  discrepancies  between  the  results  of  dif- 
ferent methods  oi  computing  the  theory  at  least  serve  to 
indicate  the  difficulty  of  theoretical  calculations  near  the 
critical  depths.  In  complete  contrast  to  model  results  the 
normal-mode  theory  shows  an  absence  of  oscillations  in  a range 
extremely  near  the  critical  depths  (the  dashed  lines  at  .69 
and  3 wl  depths  give  partial  evidence  of  this);  the  numeric- 
ally calculated  theory  at  least  gives  no  hint  of  these  nulls. 

It  should  be  pointed  out  that  these  regions  of  disagreement 
associated  with  the  critical  depths  arc  quite  small  and  are 
consequently  probably  more  of  academic  than  practical  concern. 
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The  apparent  poor  fits  at  the  shallowest  depths  are 
probably  due  to  the  low  signal -levels  being  dominated  by 
background  signal.  A smooth,  horizontal  line  indicates  that 
the  total  signal  is  below  system  response. 

Depth  accuracy  for  these  horizontal-plate  traverses  is  on 
the  order  of  .01  wl  except  for  both  1 wl  curves  where  a sharp 
object  with  a length  of  1 wl  was  used  to  locate  the  oil's 
surface  very  precisely.  At  many  of  the  depths  shallower 
than  1.5  wl  the  fits  could  doubtlessly  be  improved  by  trying 
different  theory  depths  near  the  approximate  experimental 
depth. 


2.1.2  Metal  Plate-Lateral  Slopes 

Figures  A- 11  — A-13  contain  traverses  in  which  the  metal 
plate  was  tilted  laterally  (see  Figure  1-4)  at  various  depths. 
Each  curve  is  labeled  by  the  approximate  plate  deptli  (Uj  under 
the  traverse  path  and  by  the  approximate  lateral  inclination 
(6).  Analysis  of  these  curves  and  comparison  with  correspon- 
ding horizontal  cases  indicate  a general  rule-of -thumb  that 
lateral  inclinations  not  greater  than  about  2°  per  wavelength 
depth  do  not  substantially  affect  the  traverse  pattern.  Run 
47  for  1 wl  depth  and  Run  44  for  2 wl  depth  exceed  tiiis  rough 
limit  and  are  distorted  relative  to  more  nearly  horizontal  runs. 

2.1.3  Metal  Plate  Forward  Slopes 

Figures  A-14  — A-22  contain  traverses  in  wluch  the  metal 
plate  was  tilted  along  the  forward  direction  (sec  Figure  1-3). 
Each  traverse  is  labeled  with  the  depth  of  the  plate  under  the 
transmitter  (0)  and  the  angle  of  inclination  (o)  of  the  plate. 
These  numbers  are  both  approximate;  the  depth  figures  are  too 
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small  by  about  .02  x 0 and  0 is  1-2  percent  too  large. 
Positive  angles  of  inclination  are  tho.>e  for  which  the  plate 
is  deepest  at  the  transmitter  end  of  the  tank.  It  migh/:  be 
noted  that  the  depth  of  the  far  end  of  the  plate  is  roighly 
D - 0/2. 


A general  tendency  is  apparent  for  the  broad  peak 
associated  with  the  angle  of  the  transmitter  pattern  lobe  to 
shift  to  longer  range  as  inclination  decreases.  The  expected 
range  of  the  peak  is  given  by  2d  cosO  sin(B-G)/cos(B-2G) . 
These  ranges  have  been  plotted  in  Figures  A- 14  — A- 22  as 
circles  and  crosses  respectively  for  8 chosen  first  as 
the  critical  angle  42.9**  and  second  as  the  experimentally 
measured  lobe-angle  of  57*.  The  peak  seems  to  usually  lie 
between  these  two  values. 

Associated  with  the  shift  of  the  broad  peak  to  greater 
range  there  is  a typical  increase  in  the  period  of  the 
far-field  oscillations. 

Other  than  these  general  observations  the  traverse 
recordings  are  quite  sensitive  to  forward  slopes,  in  contrast 
to  the  case  for  lateral  slopes  discussed  in  Section  2.2. 

Even  at  a 6 wl  depth  a change  of  :^1*'  from  the  horizontal 
produces  a sizeable  effect  at  far-field.  Consequently,  it 
appears  that  if  one  wishes  to  analyze  in  detail  peaks  and 
nulls  in  field  data  where  even  slight  slopes  arc  possible, 
theoretical  plots  for  the  non-horizontal  case  will  be  an 
absolute  ne':essity. 
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2.2  TRAVERSES  OVER  A DIELECTRIC  SLAB 


In  order  to  model  a dielectric  interface,  a epoxy  slab 
measured  (see  Section  4.4)  to  have  dielectric  constant  6.75 
and  loss  tangent  .11  was  poured  from  a 10  percent  carbon  blend 
obtained  by  mixing  the  following  epoxy  materials  sold  by 
Hysol  (Clean,  New  York):  DP-8-5193  ( 15  percent  carbon  con- 

centrate), R9-2039  (resin),  and  H2-34C4  (hardener).  The 
relatively  high  loss  tangent  was  chosen  in  order  to  minimize 
unwanted  reflections  off  the  oil-air  interface  on  the  bottom 
side  of  the  slab.  The  slab  was  positioned  in  the  same  manner 
as  the  metal  plate.  Its  dimensions  were  30  wl  long  <<  6 wl 
wide  approximately  2 wl  thick. 

It  will  be  noted  that  the  noise  level  of  tlie  dielectric 
slab  traverses  (Appendix  B)  is  worse  than  for  the  metal  plate 
traverses  (Appendix  A) . This  is  probably  due  to  the  fact  that 
unwanted  reflections  off  the  walls  and  superstructure  of  the 
tank  remain  constant  while  the  amount  of  desired  reflection 
off  the  slab  is  less  than  for  the  metal  plate.  In  contrast 
to  the  case  for  the  oil-metal  interface  (100  percent  reflec- 
tion with  180®  phase  shift),  energy  incident  normally  on  the 
oil-slab  interface  is  only  28  percent  reflected  and  is  shifted 
roughly  175®  in  phase  upon  reflection.  For  this  case  the 
complex  normal  reflection  coefficient  is  given  in  polar  coor- 
dinates by  the  approximation: 
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The  traverses  discussed  in  Sections  2.2.1  and  2.2.2 
were  filtered  to  remove  the  half-wavelength  background  while 
those  in  Sections  2.2.3  — 2.2.7  (except  Figures  B40  and  B41) 
were  filtered  only  enough  to  remove  the  noise  introduced  by 
digitization  (see  Section  4.2). 

2.2.1  Horizontal  Dielectric  Slab 

Figures  B-1  — B-3  and  B-4  — B-10  contain  large  depth 
increment  and  small  depth  increment  curves  (taken  using  the 
baffle),  respectively,  for  the  dielectric  slab  horizontally 
positioned.  Theoretical  plots  are  superimposed  as  dashed 
lines;  a value  of  6.2S  rather  than  6.75  was  used  for  the 
lower  medium's  dielectric  constant,  but  the  difference  is 
insignificant.  The  fits  are  comparable  to  those  for  the  metal 
plate,  except  for  a better  consistency  probably  because  of 
lessening  critical-depth  theory  problems  due  to  the  slab  being 
a pooler  reflector.  Low  signal- levels  are  again  apparent  at 
the  shallower  depths.  Some  disagreement  is  possible  due  to 
reflections  off  the  bottom  side  of  the  slab.  In  Figure  li-1 
a fairly  good  agreement  is  obtained  with  a theoretical 
curve  for  the  case  of  a lA  thick  slab  over  oil  (dotted  line). 

2.2.2  Dielectric  Slab  --  Foward  Slopes 

Figures  B-11  - B-18  contain  traverses  for  which  the 
slab  was  tilted  along  the  forward  direction  (see  figure  1-3). 
The  curves  are  analogous  to  Figures  A-14  — A-22  discussed  in 
Section  2,1;  the  same  comments  made  there  apply  here  and  each 
recording  is  marked  with  the  identical  expected  peak  positions. 


2.2.3  Crater  Over  Dielectric  Slab 


Since  the  crater  Camelot  was  situated  adjacent  to  the 
Apollo  17  EVA  2 it  was  decided  to  use  a model  simulation 
of  Camelot  to  briefly  investigate  its  possible  effect. 
Figures  B-19  — B-22  contain  the  results;  they  strongly  indi- 
cate that  Camelot  has  no  significant  effect. 

Camelot  has  approximate  dimensions  of  600  m diameter  x 
100  m depth.  It  was  centered  approximately  1200  m froi;  the 
SEP  transmitter  and  its  nearest  edge  was  approximate!'’  100  m 
from  the  EVA  2 traverse-line.  Estimates  are  that  at  the 
Apollo  17  site  a K*  * 3.54  dielectric  medium  of  depth  20  m 
overlies  a K'  = 6 medium.  Our  use  of  the  K'  = 2.16  oil 
as  the  upper  layer  is  a significant  weakness  of  our  modeling 
in  this  case. 

Figure  2-1  illustrates  with  open  circles  how  Camelot 
would  look  relative  to  the  model  tank  at  the  different  SEP 
frequencies.  The  corresponding  scaled  interface  depth  (20  m) 
is  also  given.  The  cross-hatched  circles  indicate  the 
positions  of  the  simulated  craters  (made  from  polyethylene 
foam)  used  in  conjunction  with  the  dielectric  slab  for 
Figures  B-19  — B-22.  Actual  slab  depths  used  arc  indicated. 

Each  run  is  labeled  with  the  slab  depth  (D)  and  range 
(R)  to  the  center  of  the  simulation  craters.  The  notation 
"REF."  denotes  reference  traverses  without  craters. 

Runs  143  and  146  for  craters  centered  on  the  traverse- 
line for  slab  depth  1 wl  both  show  modest  deviations  from 
the  reference  Run  145;  however,  moving  the  craters  off-center 


until  their  edges  are  1/4  wl  away  from  the  traverse- 1 ine 
(i.e.  just  out  from  under  the  1/2  wl  receiver)  partially 
removes  the  deviation  in  both  cases.  The  same  crater  centered 
for  slab-depth  .5  wl  (Figure  B-21)  also  shows  no  deviation. 

Run  150  was  taken  with  one-quarter  (see  Figure  2-1)  of 
a 3.5  wl  crater  positioned  with  its  edge  1 wl  distant  from 
the  traverse-line  for  a 3 wl  deep  slab.  The  same  null 
results  are  present  as  for  the  other  off-center  traverses 
above.  Since  Camelot  itself  was  decidedly  off  center  we 
must  therefore  conclude  that  Camelot  did  not  affect  the 
Apollo  17  SEP  traverses. 

2.2.4  Crevasses  Over  Dielectric  Slab 

Figures  B-23  — B-26  contain  traverses  taken  using 
polethylene-foam  simulated  crevasses  over  the  slab  (Figure  1-5). 
Section  2.3.4  will  contain  a discussion  of  a more  extensive 
study  done  using  the  metal  plate.  This  brief  study  with 
the  slab  was  undertaken  to  extend  the  validity  of  this  other 
study  to  the  case  of  dielectric  interfaces,  and  indeed  the 
results  in  both  cases  are  quite  similar. 

In  the  present  case  single  crevasses  of  widths  approxi- 
mately .3  wl,  .15  wl,  and  .1  wl  were  positioned  across  the 
traverse  path.  These  crevasses  had  square  cross-sections 
of  approximately  3 wl,  1.5  wl,  and  .75  wl  dimensions, 
respectively.  Each  traverse  is  labeled  with  slab  depth  and 
range  of  the  crevasses. 

Runs  152  — 158  (Run  154  is  their  common  reference) 
illustrate  results  for  each  of  the  three  sizes  positioned 
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at  5 wl  and  15  wl  range  over  a 4 wl  deep  slab.  At  the 
longer  range  all  three  sizes  produced  the  characteristic 
.4  wl  ripples  ending  abruptly  at  the  crevasse.  At  the 
closer  range  the  crevasses  (particularly  the  largest  one) 
seemed  to  act  to  jumble  up  the  near- in  oscillations. 

The  smallest  crevasse  was  used  again  (Figure  B-26)  for 
a 1 wl  slab  depth  and  this  time  the  preceding  ripples  are 
visible  at  both  near  and  far  range. 

Clearly,  crevasses  may  be  expected  to  be  as  easily 
visible  for  dielectric  interfaces  as  for  a perfectly 
reflecting  interface. 

2.2.5  Spheres  Over  Dielectric  Slab 

This  is  an  abbreviated  version  of  a more  complete  study 
(see  Section  2.4)  of  the  effect  of  spherical  scattering 
objects.  Here  again  we  can  conclude  that  results  for  the 
metal  plate  and  dielectric  slab  are  similar. 

Figures  B-27  — B-29  illustrate  the  effect  of  varying 
sizes  and  composition  (metal  and  dielectric  constant  K*  = 6) 
of  spheres  centered  4 wl  deep  at  5 wl  range,  with  the  slab 
positioned  6 wl  deep.  The  .5  wl  diameter  spheres  seem  to 
produce  minimal  effects,  especially  at  longer  range.  At 
1 wl  diameter  the  effect  of  the  spheres  becomes  dominant 
and  at  2 wl  diameter  the  traverse  is  totally  changed  from 
the  reference. 

Figures  B-30  and  B-31  illustrate  the  effect  of  varying 
range  for  the  1 wl  diameter,  K'  • 6 sphere  positioned  4 wl 


deep  over  the  6 wl  deep  slab  (the  reference  traverse  would 
still  be  run  162  in  Figure  B-27).  There  is  little  effect 
for  0 wl  but  considerable  effect  at  5 wl . At  10  wl  and 
greater  range  there  is  a characteristic  sequence  of  about 
three  following  peaks  of  period  approximately  1 wl  which 
begin  directly  above  the  sphere.  At  15  wl  and  greater  range 
small  rapid  crevasse- type  echoes  preceding  the  sphere  appear. 

Figures  B-32  — B-33  feature  the  same  1 wl  diameter, 

K'  * 6 sphere  now  sitting  directly  atop  the  dielectric  slab 
positioned  at  2 wl  depth.  Here  again,  at  0 wl  range  the 
sphere  has  little  effect.  At  5 wl  and  especially  at  10  wl 
range  the  sphere’s  presence  causes  large  distortions  in  the 
traverse  recording.  Interestingly,  for  positions  greater 
than  10  wl  range  the  total  distortion  becomes  less,  even 
for  the  parts  of  traverses  lying  beyond  the  sphere  range. 

For  all  non-zero  sphere  ranges  the  crevasse-echo  type  ripples 
are  present,  especially  for  the  10  wl  range  sphere. 

Figure  B-34  illustrates  the  lessening  of  the  amplitude 
of  these  ripples  as  the  sphere  is  moved  to  one  side  of  the 
traverse  path.  Moving  the  5 wl  range  sphere  1 wl  to  the 
side  practically  eliminates  its  effect.  However,  the  10  wl 
range  sphere  had  to  be  moved  to  l.S  wl  off-center  to  achieve 
the  same  effect,  perhaps  only  because  the  ripples  were  much 
larger  to  begin  with. 

2.2.6  Simulated  Crevasse  in  Dielectric  Slab 

To  obtain  some  sort  of  idea  about  the  effect  of  a 
crevasse  located  in  the  buried  dielectric  layer  without 
actually  cutting  into  the  dielectric  slab,  a rectangular 
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strip  of  polyethylene  foam  was  attached  to  the  top  of  the 
slab  (Figure  1-5).  This  was  done  partly  under  the  assumption 
that  the  effects  of  such  a crevasse  would  be  associated  with 
reflections  off  its  top  rather  than  off  its  vertical  inter- 
faces. In  position  the  two  strips  used  had  a vertical  dimen- 
sion of  . 5 wl  and  were  4 wl  long;  their  dimensions  along  the 
range-axis  ("width")  were  .25  wl  and  .5  wl. 

Figures  B-35  illustrates  the  effect  of  the  .5  wl  wide 
simulated  crevasse  at  ranges  of  5 wl  and  15  wl  over  the  2 wl 
deep  slab.  At  the  5 wl  position,  this  crevasse  produces 
gross  distortions  out  to  15-20  wl  while  contributing  near-in 
oscillations  of  approximately  .75  wl.  At  the  15  wl  position, 
this  crevasse  contributes  gross  distortions  at  ranges  beyond 
its  position  while  also  producing  preceding  echo-type  ripples 
which  drop  dramatically  in  frequency  as  the  receiver  passes 
over  the  crevasse.  The  .25  wl  wide  crevasse  in  Figure  B-36 
contributes  the  same  type  disturbances  substantially  reduced. 

In  Figure  B-37  the  .25  wl  simulated  crevasse  is 
positioned  at  5 wl  and  15  wl  ranges  over  the  1 wl  deep  slab. 
Its  effect  at  both  positions  is  seen  to  be  small. 

2.2.7  Random  Blocks  on  Dielectric  Slab 


To  get  some  idea  of  the  distorting  effect  of  small 
irregular  "blocks",  thirteen  scraps  of  the  same  (K’  = 0.75, 
loss  tangent  ■ .11)  material  as  the  slab  were  arranged  on 
the  slab  in  an  area  3 wl  wide  extending  out  to  13  wl  range. 
The  arrangement  is  indicated  in  Figure  B-38  to  scale.  Fach 
block  is  labeled  L ("large"  --  approximate  cubes  of  about 
.6  wl  dimensions),  M ("medium"),  and  S ("small"  --  dimen- 
sions about  .15  wl) . 
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Traverses  were  recorded  at  integer  horizontal  depths 
from  1 wl  — 6 wl . The  results  (figures  B-38  --  B41)  (see 
Section  4.2  for  filtering  details)  are  disappointing.  Only 
at  one  depth  (4  wl)  is  there  even  a remote  resemblance  to 
corresponding  traverses  taken  without  the  blocks  (figures  B-l 
B-3).  Althougli  this  is  admittedly  a small  sample,  certainly 
indications  are  that  buried  blocks  must  be  a small  fraction 
of  a wavelength  before  their  effects  can  be  treated  as 
perturbations  and  hopefully  filtered  out.  A very  crude 
quantitative  estimate  can  be  obtained  as  follows.  A .6  wl 
block  is  about  .9  "wavelcngths-in-the-medium"  for  the  oil. 

If  we  arbitrarily  choose  .5  wavelengths* in-the-mediuin  as  our 
maximum-size  standard,  then  for  a K'  = 4 upper  layer, 
buried  blocks  would  necessarily  be  .25  free-space  wavelengths 
or  under  before  one  could  hope  to  obtain  useful  SfP  data. 

2.3  VARIABLE-LOSS  DATA 

A variety  of  data  was  collected  both  with  the  pure  oil 
and  with  the  oil  doped  to  various  loss-tangent  values  with 
benzonitrile  obtained  f.om  Velsicol  Chemical  Corporation 
(Chicago).  Unfortunately,  the  higi  loss  - tangents  contributed 
to  low-signal  levels  and  consequent./  much  of  this  data 
suffers  from  high  noise  levels.  Tlie  curves  discussed  below 
were  plotted  from  digitized  data.  The  traverses  included  in 
Sections  2.3.1,  2.3.2,  and  2.3.6  were  filtered  to  remove  half 
wavelength  background;  all  other  curves  were  filtered  only  to 
remove  digitization  noise  (see  Sections  4.1  and  4.2).  The 
original  curves  were  incorporated  in  a memo  entitled  "Slip 
Simulation  Model  V"^.  The  approximate  measured  values  of  los 
tangent/dielectric  constant  are  as  follows:  .002/2.16, 

.012/2.17,  .025/2.21,  .042/2.21,  .073/2.30,  .142/2.48 
(benzonitrile  3 percent  by  volume). 
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2.3.1  Half-Space  at  Various  Loss -TanRcnts 

Figures  C-1  and  C-2  include  traverses  recorded  at  each 
loss- tangent  used,  with  the  tank  empty  of  objects.  These 
traverses  were  intended  to  simulate  half- spaces  but  obviously 
they  do  not,  apparently  because  unwanted  reflections  off 
the  tank  wall  and  superstructure  were  too  large.  Therefore, 
these  traverses  can  more  reasonably  be  taken  as  measurements 
of  the  background  signal  level  for  the  oil -tank.  Two 
traverses  are  recorded  at  .002  loss-tangent  --  Run  199  with 
the  transmitter-receiver  pair  identically  oriented  and 
Run  200  with  the  receiver  rotated  180°.  The  odometer  signal 
for  Run  201  was  artifically  introduced  during  digitization, 
since  it  was  inadvertently  left  out  during  recording  of  the 
FM  data. 


2.3.2  Horizontal  Metal  Plate  at  Various  Loss-Tangents 

Figures  C-3  — C-17  contain  suites  of  large- increment 
depth  curves  for  each  of  the  six  loss-tangents  used.  As 
loss-tangent  increases  the  effect  of  the  plate  diminishes 
to  the  point  that  at  longer  range  the  traverse  recording 
is  independent  of  plate  depth,  i.e.  the  signal  associated 
with  the  plate  becomes  buried  in  the  high  background  signal 
level.  Insofar  as  comparisons  can  be  made,  the  traverse 
pattern  changes  little  with  loss- tangent . The  odometer 
signals  for  Runs  216-222  were  introduced  artifically  as  in 
Section  2.3.1.  Comparison  of  plots  of  the  digitized  and 
original  data  showed  that  no  significant  error  was  introduced 
by  this. 
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2.3.3  Crevasses  in  Half-Space 


Figures  C-18  — C-22  contain  half-space  traverses  taken 
with  single  crevasses  (Figure  1-5)  simulated  by  a wedge  of 
lossless,  non-porous  polyethylene  foam  of  estimated  dielectric 
constant  1,1.  It  was  desired  to  simulate  a crevasse  of 
length  30  m,  depth  30  m,  and  width  3 m at  the  top  tapering 
downward  to  zero  width.  At  32  MHz  this  corresponds  to  a 

crevasse  of  dimensions  appi oximatcly  .3  wl  top  width  x 3 wl 

length  X 3 wl  depth,  at  16  MHz  .15  wl  x 1.5  wl  x 1.5  wl, 
and  at  8 MHz  .1  wl  x .75  wl  x .75  wl.  The  crevasses  were 
oriented  at  0®,  45®,  and  90®  angles  (G  in  the  figures) 

relative  to  the  traverse  path,  with  0®  corresponding  to  the 

width  dimension  lying  along  the  traverse  line.  All  the 
single  crevasses  were  centered  at  5 wl  range  (R) . 

Two  field  components  were  measured:  broadside  E-Phi 

(both  dipoles  horizontal  and  oriented  perpendicularly  to  the 
traverse- line)  and  E-Rho  (same  as  E-Phi  broadside  except 
the  receiver  is  oriented  parallel  to  the  traverse-line). 

All  crevasse  recordings  have  been  filtered  to  remove  only 
high  frequency  digitization  noise.  However,  this  is  not 
true  of  the  reference  traverses  in  Figure  C-18  from  which 
most  of  the  half-wavelength  signal  has  been  removed.  The 
lowest  loss  tangent  of  ,002  was  used  for  all  curves  in  this 
section. 

Analyzing  Figures  C-18  - C-22  it  is  apparent  that  only 
Runs  257  and  263,  both  E-Phi  components  with  crevasse 
cutting  perpendicularly  across  the  traverse- line,  contain 
even  barely  visible  perturbations  due  to  the  single  crevasses. 
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Figures  C-23  and  C-24  contain  traverses  taken  with  a 
set  of  six  .15  wl  X 1.5  wl  x 1.5  wl  (16  MHz)  crevasses  all 
parallel  and  spaced  1.5  wl  apart.  The  crevasse  set  was 
rotated  about  its  center,  which  was  positioned  at  9 wl  range 
(R) . At  the  0®  position  the  array  extends  from  5 wl  to  13  wl. 
As  in  the  singel  crevasse  case,  the  only  significant  distor- 
tions are  for  the  E-Phi  perpendicular-crevasse  case. 

2.3.4  Crevasses  Over  Metal  Plate 


Figures  C-25  — C-37  contain  traverses  taken  with 
simulated  crevasses  positioned  over  the  metal  plate  which 
was  held  at  a constant  4 wl  depth.  The  crevasses  were 
positioned  in  an  identical  fashion  to  that  of  the  previous 
section  and  the  same  terminology  is  used  for  labeling  the 
curves.  In  addition  to  traverses  analogous  to  the  low-loss 
traverses  in  the  previous  section,  data  was  collected  at 
three  higher  losses  for  the  E-Phi  compon*?nt  only.  Note 
here  also  that  the  E-Phi  reference  curve  has  been  filtered 
to  remove  .5  wl  signal;  all  other  curves  have  been  filtered 
as  in  the  preceding  section. 

Figures  C-26  — C-29  illustrate  the  sensitivity  of  the 
size  of  the  distortion  produced  to  the  size  of  a single 
crevasse  placed  at  5 wl  range.  The  .3  wl  wide  (32  MHz) 
crevasse  produces  sizeable  distortion*,  for  all  components 
and  orientations  while  the  smaller  .15  wl  wide  (16  MHz) 
crevasse  causes  significant  distortion  only  for  the  E-Phi 
perpendicular  crevasse  case.  Note  in  Runs  276  and  282  that 
the  period  of  the  disturbances  associated  with  the  near- in 
(5  wl  range)  position  is  about  .6  wl  in  contrast  to  the 
characteristic  .4  wl  echo-ripple  produced  by  more  distant 
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crevasses  (see  below  and  Section  2.2.4).  I’iRuros  C-30  and 
C-31  show  again  the  smallness  of  the  perturbation  produced 
by  small  crevasses  (see  Runs  226  and  236  for  reference 
traverses) . 

Figures  C-32  and  C-33  illustrate  the  effect  of  the  set 
of  six  16  MHz  crevasses.  In  contrast  to  the  half-space 
case,  distortions  are  produced  for  all  components  and 
orientations,  ’iote  the  shift  downward  of  the  period  of  the 
oscillations  in  Run  294  as  range  increases.  Figures  C-34  - 
C-37  contain  recordings  at  higher  loss -tangents  of  the 
li-Phi  component  at  0*  and  90®  orientations  of  multiple- 
crevasses.  Comparing  Figures  C-3S  and  C-36  it  seems  apparent 
that  there  is  a sharp  drop-off  in  crevasse  visibility 
between  16  and  8 MHz. 


2.3.5  Crater 

During  the  SEP  Juneau  Ice-Field  Expedition  a small 
crater  was  formed  by  use  of  explosives.  Rather  unsuccessful 
efforts  were  made  to  model  this  feature.  The  crater  has 
approximate  dimensions  of  11-14  m diameter  x 3.5  m depth, 
and  was  located  at  a range  of  263  m at  an  offset  from  the 
traverse  line  of  10  m.  These  dimensions  were  modeled  at 
32  and  15  MHz  with  polyethylene  foam  objects. 

Figures  C-38  — C-40  illustrate  the  effects  of  the 
simulated  crater  at  various  loss-tangents  for  the  half-space 
case  and  for  one  arrangement  over  the  1 wl  deep  plate. 
Without  exception,  comparison  of  these  curves  with  the 
corresponding  reference  curves  in  Figures  C-l,  C-2,  and  C-14 
reveals  only  very  minor  perturbations  associated  with  the 
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crater  simulants.  Undoubtedly  this  is  partially  due  to  the 
high  loss- tangents  and  consequent  large  background  signal. 

It  seems  quite  likely  that  for  optimum  conditions  crcvassc- 
like  ripples  should  precede  a crater  which  is  placed  quite 
near  the  traverse- line;  however,  this  study  indicates  that 
these  ripples  would  be  small  in  absolute  amplitude. 

2.3.6  Mountain,  Step,  and  Ridge  Simulations 

This  last  group  of  digitized  curves  (all  C-Phi  broad- 
side) was  concerned  with  studying  the  possible  effect  of  the 
Juneau  Ice-Field  Data  of  the  valley  side  and  of  submerged 

i 

bottom  irregularities  (Figure  1-5).  Since  these  features 
would  have  been  most  visible  at  the  lower  frequencies  where 
the  loss-tangent  of  ice  is  greatest,  modeling  wa.  done  at 
high  loss-tangents  where  previously  noted  high  background 
signal  levels  existed.  The  longer  range  portions  of  the 
recordings  should  be  ignored  due  to  high  background  signal 
levels,  since  traverses  at  the  low- frequencies  simulated  are 
typically  short  in  terms  of  wavelengths,  and  since  in  some 
cases  the  simulated  objects  did  not  extend  the  whole  length 
of  the  tank. 

Figures  C-41  — C-45  contain  traverses  taken  using  flat 
metal  plates  to  simulate  the  presence  of  a reflective 
mountain-side  which  is  submerged  and  inclined  at  30*  from 
the  horizontal.  The  actual  distance  in  the  model  of  the 
transmitter  from  the  base-line  of  the  mountain-side  was 
varied  to  maintain  the  scaled  distance  corresponding  to 
173  ft.  (approximately  1.4  vl , .7  wl,  and  .35  wl  at  8,  4, 
and  2 MHz,  respectively).  Traverses  were  run  in  three 


2-20 


directions  relative  to  the  base-line;  0 is  the  angle  be- 
tween the  traverse-line  and  base-line  (c.g.,  90**  corresponds 
to  a traverse  made  perpendicularly  away  from  the  mountain- 
side). The  modeled  frequency  in  MHz  is  given  for  each 
curve.  It  can  be  seen  from  the  effect  of  orientation  changes 
that  the  simulated  mountain-side  has  a large  effect; 
comparison  of  Figures  C-42  and  C-43  at  short  range  indicates 
that  changes  in  orientation  are  dominant  over  changes  in 
transmitter  to  base-line  distance. 

Figures  C-46  — C-51  illustrate  the  effect  of  an 
irregularity  in  a submerged  horizontal  reflective  layer  in 
the  shape  of  a 200  ft.  rise  or  step  in  the  depth  of  the 
bottom  layer.  The  connection  between  the  490  and  290  ft. 
deep  portions  was  a 45®  ramp.  This  feature  was  modeled  with 
metal  shapes  at  8,  4,  and  2 MHz  at  loss- tangents  of  .042, 
.073,  and  .142,  respectively.  The  490  ft.  deep  lowest 
portion  of  the  bottom  was  4 wl,  2 wl,  and  1 wl  deep  at  these 
respective  frequ»ncies  (see  traverses  labeled  as  references). 

The  transmitter  position  and  traverse  direction  arc 
indicated  for  each  traverse  by  a two  digit  number  in  the 
column  labeled  "TR"  ("transmitter-receiver").  The  first 
number  (1  equals  "top",  2 equals  "bottom")  indicates  whether 
the  transmitter  was  positioned  over  the  top  of  the  ramp  or 
the  bottom.  The  second  number  (1  equals  "toward",  2 equals 
"away",  3 equals  "along")  indicates  whether  the  traverse- 
path  was  toward  the  raised  portion  of  the  bottom,  away  from 
it,  or  along  the  45®  connecting  ranp.  Figures  50  and  51 
contain  small  sketches  indicating  the  step's  position  and 
size  relative  to  the  oil-depth  at  2 MHz.  At  the  4 and  8 MHz 
frequencies  the  step  is  twice  and  four  times  larger, 
respectively. 


2-21 


For  a given  loss  tangent,  runs  having  the  same  second 
digit  differ  only  in  that  the  step  was  moved  slightly  rela- 
tive to  the  transmitter.  The  differences  in  these  recordings 
are  therefore  a useful  measure  of  the  effect  of  the  ramp 
itself.  Comparisons  of  the  traverses  in  which  the  ramp  docs 
not  lie  under  the  recorded  portion  of  the  travei"se  (those 
labeled  22,  12,  and  23)  with  the  corresponding  reference 
traverses  also  indicate  the  visible  effect  of  the  ramp. 

Both  these  comparisons  indicate  that  the  dominant  nature  of 
the  presence  of  the  steps  tends  to  diminish  as  the  modeled 
frequency  decreases  and  the  loss  tangent  correspondingly 
increases.  For  medium  ranges  the  curves  labeled  21  and  11 
are  almost  certainly  controlled  by  the  290  ft.  depth,  i.e., 
they  would  resemble  simple  horizontal  plate  traverses  modeling 
a 290  ft.  reflector  depth. 

Figures  C-52  — C-54  contain  traverses  simulating  a 
reflective  200  £t-high  ridge  having  45“  sides  and  positioned 
on  a horizontal  reflecting  bottom  located  at  a depth  of 
490  ft.  These  traverses  are  analogous  to  the  step  traverses 
discussed  immediately  above  and  are  notated  similarly. 

Figure  C-54  indicates  the  ridge  size  and  position  at  2 MHz. 
Reference  curves  for  Figures  C-52,  C-53,  and  C-54  arc  Runs 
335,  341,  and  347  respectively. 

As  might  be  expected,  the  six  ridge  traverses  labeled 
"22"  and  "23"  are  identical  to  the  corresponding  six  stop 
traverses  similarly  labeled.  Comparison  of  the  remaining 
three  traverses  (labeled  "21")  to  the  corresponding  rcferoTice 
curves  listed  above  graphically  exhibits  the  effect  of  the 
ridge  in  the  case  when  it  is  placed  just  in  front  of  the 
transmit  ter. 
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2.4  SPHi-RICAL  SCATTERING  OBJECTS 


In  order  to  get  a preliminary  idea  of  the  effect  on 
traverse  data  of  the  presence  of  buried  scattering  objects, 
spherical  objects  of  varying  size  and  composition  were  posi- 
tioned in  the  oil  tank  both  with  and  without  the  metal 
reflecting  plate. 

Three  different  sphere  compositions  were  used:  solid 

teflon  (K*  = 2.1),  thin-walled  hollow  fiberglass  spheres 
loaded  with  low-loss  K'  = 6 material,  and  aluminum  foil 
covered  spheres  (at  6 GHz  the  foil  used  is  20  penetration 
depths  thick,  therefore  the  spheres  are  effectively  solid 
metal).  Sphere  diameters  ranged  from  wl  to  .5  wl  (wl  = 2")  • 
For  the  most  part,  three  basic  positions  were  used,  all 
located  in  the  vertical  plane  containing  the  traverse  path: 

(1)  16  wl  out  and  2 wl  deep  (far  out  and  shallow),  (2)  5 wl 
out  and  4 wl  deep  (in  the  transmitter  beam) , (.^)  4 wl  deep 
under  the  transmitter. 

Figures  D-1  — D-17  contain  reduced  reproductions  of  the 
original  recordings.  As  indicated  in  small  sketches  in  each 
Figure,  d is  the  plate  depth  (d  = <»  implies  the  half-space 
case  without  the  plate),  D is  the  sphere  diameter,  and 
d*  and  y the  depth  and  range,  respectively,  at  which  the 
sphere  is  centered.  Short  horizontal  marks  to  the  left  of 
each  curve  indicate  a received  power  level  of  approximately 
-37  dB  relative  to  the  transmitter  power.  The  received  power 
scale  of  15  dB/inch  is  indicated  in  Figure  D-1.  The  deep, 
almost  vertical  minimas  in  Figures  D-6,  D-10,  and  I)-14-17 
are  due  to  an  instrumentational  problem  and  should  be 
treated  as  ordinary  minimas. 
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The  data  generated  can  be  thought  of  as  providing 
insight  to  the  following  question:  "Given  a specific  loca- 

tion, what  is  the  effect  of  the  presence  of  a buried  object 
at  that  location  as  a function  of  the  object's  size  and 
composition?" 

In  general  the  effects  noted  were  quite  complex  but  some 
features  did  stand  out.  Understandably,  the  effect  of  the 
scatters  was  more  apparent  in  the  half-space  (Figures  D-6  — 
D-17)  than  in  the  two-layer  case  (Figures  D-1  — D-5), 
since  power  levels  are  generally  larger  in  the  two- layer 
eivironment.  In  all  cases  the  teflon  spheres  wore  partically 
"invisible",  which  was  to  be  expected  due  to  the  low  dielectric 
constant  contrast  between  teflon  and  our  oil  (2.1  vs.  2.16). 

The  metal  spheres  were,  somewhat  surprisingly,  only  slightly 
more  "visible"  than  the  K’  * 6 spheres;  however,  K*  =6 
material  was  in  fact  used  because  its  K'  being  approxi- 
mately 3 times  K'  for  the  oil  supposedly  makes  it  a good 
reflector. 

Of  the  three  basic  scatteror  positions  listed  above, 
the  one  at  which  the  most  prominent  effects  were  noticed 
was  predictably  the  position  in  the  transmitter  beam 
(Figures  D-3  and  D-10  — D-13).  Only  in  thi  osition  were 
the  1 wl  and  .5  wl  diameter  metal  and  K'  = spheres  signi- 
ficant; at  the  other  position  even  the  2 wl  spheres  were  not 
expecially  prominent.  Other  effects  noted  for  this  "beam" 
position  were  broad  peaks  caused  by  the  3 wl  diameter 
spheres  at  approximately  15  wl,  and  sizeable  increases  in 
the  half-space  power  levels. 
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At  the  "under  transmitter"  position  (I’igures  D-l  — D-2 
and  D-6  — D-9)  the  2 wl  and  larger  spheres  caused  changes  in 
the  near-in  region  and  increased  half- space  power  levels. 

For  the  "far-out"  positions  (Figures  D-4  - D-5  and  D-14  - D-17) 
two  features  are  apparent:  disruption  of  the  usual  pattern 

at  ranges  beyond  the  scatterer  position  (little  distruption 
of  near-in  signals  by  retro-reflection  from  far-out  objects 
was  noted),  and  the  addition  of  small  but  quite  visible 
short-period  oscillations  having  periods  in  the  .4  wl  — .8  wl 
range  (the  standing  wave  pattern  in  the  region  between  a 
point-source  and  a plane-reflector  is  .5  wl)  which  disappear 
beyond  the  scatterer.  In  the  half-space  case  these 
short-period  oscillations  decrease  in  period  from  roughly 
.8  wl  to  .5  wl  as  the  receiver  nears  and  passes  over  the 
scatterer,  but  in  the  two-layer  case  (both  for  plate  depths 
of  6 wl  and  2 wl)  the  oscillations  increase  somewhat  from 
.5  wl  as  the  receiver  nears  and  passes  over  the  scatterer. 

Both  features  listed  above  are  readily  apparent  in  a suite 
of  two- layer  curves  with  a scattering  sphere  placed  at 
various  ranges  (see  Figure  D-4). 

2.5  DYE- 3 SIMULATION 

Figures  E-1  - E-2  contain  a single  set  of  traverses 
simulating  the  effect  of  a buried  waste  water  pit  at  the 
DYE-3  site  in  Greenland.  The  pit  for  our  puTi>oscs  consists 
of  a discus-shaped  region  of  contaminated  snow  which 
supposedly  would  be  reflective.  The  top  of  the  pit  is 
approximately  100  ft.  deep  and  the  pit’s  diameter  is  approxi- 
mately 120  ft.  These  dimensions  were  modeled  at  the  six 
SEP  frequencies  using  a set  of  thin,  flat  metal  discs 
(Figure  1-5)  having  the  appropriate  diameters  and  positioned 


2-25 


at  the  appropriate  depth.  All  six  discs  wcie  positioned  at 
the  same  range  of  5 wl.  One  hundred  feet  corresponds  to 
approximately  .1,  .2,  .41,  .81,  1.63,  and  3.25  wl  for 
frequencies  1 through  32  MHz,  respectively. 

The  range  and  diameter  of  each  disc  and  the  corresponding 
frequency  of  each  traverse  are  indicated  on  each  curve. 

Also  indicated  is  the  "disc's  image"  which  is  the  portion  of 
the  traverse-line  where  the  receiver  receives  direct  energy 
reflected  specularly  from  the  disc. 

The  disc's  presence  begins  to  affect  the  pattern  at 
2 and  4 MHz  in  very  narrow  regions  just  above  each  disc's 
position.  AT  8 MHz  the  distortion  is  evident  out  to  15  wl 
range.  At  16  and  32  MHit  the  disc's  effect  is  totally 
predominant  over  the  full  traverse  and  at  32  MHz  there  is 
a very  strong  peak  in  the  image  area.  Observationally , it 
appears  that  the  waste  dump  would  be  come  noticeable  at 
8 MKz  as  a large  maxima  located  just  beyond  its  location. 
Interestingly,  there  are  half-wavelength  ripples  preceding 
the  disc  at  8 and  16  MHz. 
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3.0  ANTENNA  PATTERNS 


3.1  HORIZONTAL  ELECTRIC  DIPOLE 

The  antenna  patterns  in  Figure  3-1  were  included  in 
previous  report^.  Figure  3-2  illustrates  the  coordinate 
system  used  (all  horizontal  dipoles  were  oriented  parallel 
to  the  x-axis).  The  substantial  difference  between  the 
measured  and  theoretical  E^  (y-z)  dipole  patterns  for  the 
oil -air  interface  was  an  immediate  cause  of  concern.  The 
patterns  in  Figure  3-1  were  measured  at  a receiver  radius 
of  3 wl;  Figure  3-3  shows  that  the  measured  pattern  of 
concern  tends  to  "droop"  downward  toward  the  theoretical 
pattern  (with  its  power  maximum  at  the  oil-air  critical  angle) 
as  the  radius  is  increased  to  6 wl.  Figure  3-4  illustrates 
that  the  3 wl  radius  pattern  droops  as  the  loss  tangent  is 
increased  to  approximately  .142;  however,  this  droop  is 
approximately  equal  to  that  expected  due  to  the  measured 
increase  in  the  oil's  dielectric  constant  associated  with 
the  addition  of  the  high-loss  fluid.  A skirt  dipole^  was 
also  fabricated,  but  its  pattern  (top  of  Figure  3-5)  was 
very  similar  to  that  of  the  conventional  dipoles. 

Apparently  then,  the  E^  (y-z)  pattern  measured  can  be 
made  to  agree  more  nearly  with  theory  only  by  increasing  the 
receiver  radius.  Since  the  theoretical  pattern  is  calculated 
at  infinity  and  since  antennas  with  directional  patterns 
typically  have  extended  near-field  distortions,  it  seems 
reasonable  to  conclude  that  the  measured  E^  (y-z)  pattern  is 
valid. 
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3.2  VERTICAL  ELECTRIC  DIPOLE 


The  skirt  dipole  mentioned  previously  was  also  oriented 

vertically,  thus  constituting  a vertical  electric  dipole. 

The  patterns  measured  are  given  in  the  bottom  part  of 

Figure  3-5  along  with  theoretical  patterns  taken  from 
0 

Cooper  . Interestingly,  the  disagreement  with  theory  is 
about  the  same  for  the  vertical  as  for  the  horizontal 
electric  dipole. 


3.3  VERTICAL  MAGNETIC  DIPOLE 

In  an  attempt  to  construct  a true  magnetic  dipole  for 
the  model  a loop  of  diameter  .04"  ( .02  wl)  was  fabricated 
from  .02"  diameter  coax.  This  loop  was  of  slightly  smaller 
size  measured  in  wavelengths  than  the  Apollo  17  SEP  receiver 
loops  were  at  32  MHz.  Although  the  loop  appeared  physically 
suitable,  its  antenna  patterns  (Figure  3-6)  were  disappoint- 
ing; quite  possibly  simply  because  the  loop  was  not  much 
larger  than  the  feed  coax.  However,  when  oriented  as 
receiving  antenna  in  the  direction  indicated  in  Figure  3-6 
the  traverses  recorded  were  essentially  identical  to  standard 
traverses . 
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Half-wave  Electric  Dipole 
At  Oil -Air  Interface-- 
Theoretical  and  Experimental 
Patterns 


Angle  of 
Power  Maximum 


Cooper— K'=2.16 43" 
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Figure  3-3.  - Antenna  pattern  at  various  radii. 
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Figure  3*4.  • Antenna  patterns  for  high  1oss*tangent. 
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Figure  3-5.  - Skirt  dipole  antenna  patterns. 


4.0  EXPERIMENTAL  DETAILS 


4.1  TAPE  RECORDING  SYSTEM 

The  system  designed  for  recording  model  data  is  illus- 
trated in  Figure  4*1.  It  essentially  consists  of  a mechanism 
for  conversion  of  the  analog  signal  strengtli  voltage  to  a 
frequency  modulated  signal  suitable  for  magnetic  tape 
recording.  The  dependence  of  frequency  on  signal  (in  this 
case  72.6  Hz/dB)  is  determined  (see  Figure  4-1)  by  the  triple 
product  of  tlie  log-amplifier  output  factor  (.02  volt/dB)  , the 
amplification  factor  (6.05),  and  the  VCO  conversion  factor 
(600  Hz/volt) . 

The  system  was  initialized  so  that  a 30  mV  receiver- 
diode  signal  (corresponding  to  the  received  power- level  of 
about  -25  dBm  above  which  the  IN'23  diode  began  to  be 
noticeably  non-linear)  was  recorded  as  3000  Hz  signal.  In 
the  VCO  (left)  channel  each  traverse  was  begun  with  a short 
voice  a’ notation  followed  by  a 3500  llz  start-tone  and  ended 
wit:i  a 4000  Hz  stop- tone. 

In  the  right  channel  the  5200  Hz  reference  signal  (used 
to  compensate  for  tape  speed  irregularities)  was  superimposed 
on  a pulsed  420  Hz  odometer  signal.  The  odometer  pulse-rate 
was  nominally  .0642  wl/pulse. 

4.2  DIGITAL  CONVERSION  AND  PROCESSING 

To  permit  computer  processing  of  the  frequency- 
modulated  model  data  (discussed  in  the  previous  section), 
use  was  made  of  the  Data  Acquisition  System  (DAS)  built  to 
process  SEP  field  and  lunar  data.  The  digitized  data  was 
recorded  on  7-track  incremental  tape  in  BCD  format. 


The  I'rcqr.oiicy  moJulateJ"to-(.li  i ta  1 eonve  i s i on  pr  oees'. 
Imsically  worked  as  follows.  Tlie  1 requem.  y iiiod.ulated  ta]>os 
were  plaved-back  at  original  speed  into  t lie  MAS  and  ev'.'i  y 

msec  the  number  of  cycles  of'  the  \T0  signal  (containing 
the  signal  power  inlormat  ion)  was  ci'untod  !Oi  a pe.  uu!  ol 
app>i  ox  imatcly  53  msec.  During  tliis  same  period  the  numlH'i 
of'  cycles  of  the  5200  H::  reference  signal  ( e 1 ec  t ron  i ca  1 1 v 
separated  from  the  420  II:  odometer  pulse-.)  was  .ilso  countoi.1. 

l.ach  pair  of  5200  ll:/VCO  readin.r.s  was  t lien  recorde».l  on 
the  incremental  tape  as  one  six -dig  it  word  with  the  first 
three  digits  for  the  5200  11:  reading  and  the  remaining  tlir-'e 
digits  for  tlic  VCO  reading.  One-hundied  lortv-three  word.s 
constituted  one  "record"  and  the  roughly  23  records  need.ed 
for  each  traverse  constituted  a single  "file". 

fo  obtain  range  information,  the  420  ll.',  odop*etei  signal 
pulses  were  accumulated  bv  the  D.AS  during  the  pla\back.  ! he 
accumulated  number  of  pulses  was  read  or.to  liie  digital  tape 
(.substituting  for  a 5200  H:/VC0  word)  ever)'  3.24  see  as  t he 
middle  four  digits  of  the  4bth,  04th,  and  142nd  word--  ol  each 
lecord.  In  addition,  words  4~,  45,  01',  , and  143  weie 

occupied  by  a combination  of  the  run  mimhei  assigned  to  eai  h 
traverse  ffirst  three  digits)  and  svncht  on  i . at  uoi  ]'ulse 
intended  for  a Kang  calculator  iremaining  three  digits). 

As  the  digital  tape  was  processed  e.ich  520(1  ll.'/Vt''  s.imi'le 
was  converted  back  into  a power  reading  by  the  lol lowing 
formula : 


5 2 0 0 H : n urn b e r V C 0 eye  1 es 

7 ' . 6 1 1 : / cIB  n uinTi e~r  !i 2 ll:  c’ycTes 


•1  ■ .' 


power  (dB) 


Maximum  and  minimum  power  limits  were  established  at  approxi 
matcly  -19.5  and  -02  dBm  received  power  - 1 eve  1 s , co  r respond!  i np. 
to  VCO  signals  ol  5000  and  500  Ilz,  respectively. 

The  odometer  readings  were  convertc  ! into  range  readings 
according  to  the  formula: 

range  (wl1  = .0o42  wl  ^ 'x'.ometer  cmint  number. 

Next,  each  power  reading  was  assigned  a range  value  b\  inter 
polating  between  the  ranges  of  the  two  nearest  odometer 
readings . 

For  purposes  of  plotting,  the  data  stream  of  powei 
readings  and  assigned  ranges  was  samjiled  at  0.1  wl  increments. 
For  the  usual  case  of  no  data  point  h.iving  t'le  lies  i red  range 
tl\e  two  neighboring  t^oints  were  used  for  interpolat  ion. 

Since  all  model  recordings  started  at  some  non  :eio  range, 
the  proper  starting  range  was  added  before  plotting. 

Figure  4-2  illustrates  a particul.ir  traverse  plotted 
after  the  above  interpolation  without  filtering.  Mso 
shown  is  tiie  original  X-Y  plot  of  the  traverse.  It  is 
apparent  that  somewhere  in  the  recording  and  d i g 1 1 i r.at  i on 
process  approximately  1 dB  of  high-frequency  noise  h.is 
been  added.  At  the  bottom  of  Figure  4 2 is  tlie  travel  se  in 
final  form  after  being  filtered  with  an  11-point  1 liter 
designed  to  remove  both  the  high- 1 requency  noise  and  the 
unwanted  ripples  of  approximately  .5  wl  wavelength.  This 
filter  operated  by  replacing  the  power  readings  at  a given 
point  with  a weiglited  average  of  the  original  point  plus 
the  five  nearest  points  ^spaced  at  .1  wl  increments)  on 


each  side.  The  weights  were  . 2441  for  tlic  central  point  and 
.2078,  .1239,  .0445,  .0041  and  -.0023  respectively  for  the 
receding  points.  The  ideal  length  uf  tlio  filter  was  1.25 
cycles/wavelength. 

The  filters  used  were  designed  using  a program  written 
by  Mr.  James  Rossiter  following  the  technique  of  (lold  and 
Rader  . The  program  generates  filter-weights  from  a given 
ideal  band-pass  filter  and  a given  desired  number  of  weights. 
The  program  operates  by  Fourier  transforming  the  ideal  band- 
pass filter,  making  an  approximation  to  that  transform  subject 
to  the  imposed  limitation  on  number  of  weights,  and  Fourier 
integrating  the  approximation  to  generate  the  final  filter 
and  the  corresponding  desired  weights.  Figure  4-3  illustrates 
the  ideal  and  generated  filters  for  a 15-point  filter  designed 
and  used  to  reject  only  high-frequency  d igitizat  ion  noise. 

The  weights  for  this  filter  arc  as  follows;  .5782,  .2972, 
-.0642,  -.0546,  .0333,  .0067,  -.0078,  and  .0003. 

The  15-point  filter  used  in  Figures  B40  and  H41  had  ideal 
length  .3125  cycles/wavelength  and  used  weights  as  follows: 
.1286,  .1231,  .1081,  .0862,  .0609,  .0365,  .0167,  .0042. 

4.3  FOWFR  mf;asur!;mf;nt 

To  be  able  to  express  received  signal  power  relative 
to  transmitter  power,  it  is  of  course  necessary  to  measure 
the  actual  power  being  transmitted.  The  most  straight 
forward  method  would  be  to  place  a dua 1 -d i rect iona ! coupler 
in  the  transmitter  feed  line  and  to  simply  measure  tiie 
forward  and  reflected  power  levels,  tlie  difference  between 
the  two  being  the  power  dissipated  (and  assumed  transmitted) 
at  the  transmitter.  Another  method  would  be  to  use  a single 
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directional  coupler  to  measure  the  forward  power  and  a 
slotted-line  to  measure  the  ratio  between  the  forward  and 
reflected  power,  thus  yielding  by  calculation  the  reflected 
power  and  the  transmitted  power.  The  actual  method  used 
was  to  calibrate  the  slotted-line  in  terms  of  power  and  use 
it  to  measure  the  transmitted  power.  This  technique  uses 
the  relation  that  the  net  power  transmitted  forward  tlirough 
a slotted-line  is  equal  to  the  product  of  the  square  roots 
of  the  minimum  and  maximum  power  level  of  the  standing  wave 
pattern  in  the  slotted-line,  symbolically 


TR 


1/2 


1/2 


This  can  be  shown  as  follows.  The  transmitted  power  is 
equal  to  the  difference  betvscen  the  forward  power  P and 
the  reflected  power  . 


P 


TR 


P 

o 


P 

r 


Since  power  is  proportional  to  the  square  of  the  associated 
electric  field. 


P„„  = K(E^  - = K (E  + I,  )(li  - !i  ) 

TR  o r o r o r 


But  E ^ E and  E - E are  the  maximum  and  minimum 
or  or 

fields  so 


TR 


KE  E . 
max  min 


1/2 


1/2 


Which  was  to  be  shown. 
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Actually  the  power  levels  are  measured  as  a voltage  propor- 
tioned to  power  by  a detector  element  so  we  rewrite  as 

P = C (V  (V 

where  C is  a factor  dependent  on  the  detector  sensitivity 
and  insertion  depth  of  the  detector  probe.  Calibration  may 
be  accomplished  quite  easily  by  substituting  a power  meter 
for  the  transmitter  to  measure  directly  the  dissipated 
(in  this  case  absorbed)  power.  In  practice  one  chooses  a 
desirable  power  level  and  detector  voltage,  say  1 mW  and 
S mV,  respectively;  adjusts  the  power  source  for  a 1 mW 
power  meter  reading;  and  inserts  the  detector  by  trial -and- 
error  until  its  (V^  ^1/2  equals  5 mV  to  within 

the  desired  accuracy.  For  high  accuracies,  any  nonlinearity 
of  the  detector  can  be  compensated  for  by  noting  the 
(Vm3^)^^^  (Vm^h^^^^  detector  reading  for  other  desired  power 
levels. 

After  calibration  the  transmitter  is  reconnected  and 
the  power  source  adjusted  until  (V^^^  reaches 

the  desired  value. 

4.4  DIELECTRIC  PROPERTIES  TEST-CELL 

It  was  necessary  to  have  the  capability  to  measure  the 
dielectric  constant  and  loss- tangents  of  various  solid  and 
liquid  materials  used  in  conjunction  with  the  model. 
Consequently,  a test-cell  was  assembled  from  the  following 
General  Radio  Type  900  precision  coaxial  components:  a 

reference  air-line,  a short-circuit  termination,  and  a 
coaxial  adaptor  compatible  with  the  slotted-linc.  The  short 
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and  air-line  formed  a liquid-tight  seal,  permitting  the  cell 
to  be  operated  with  its  axis  vertical  for  liquids. 


Readers  are  referred  elsewhere  for  the  complete  theory 

of  standing-wave  dielectric  measurements^®.  In  this  special 

case  for  which  samples  of  a special  length  are  placed  flush 

against  the  shorted  end  of  a coaxial  cell  the  theory  is 

greatly  simplified.  The  essential  point  (see  Figure  4-4) 

is  as  follows:  if  a sample  is  adjusted  (usually  by 

trial-and-error)  in  length  until  the  nearest  minima  in  the 

standing  wave  pattern  is  located  exactly  1/4  wl  (1/2  wl) 

from  the  sample  then  the  sample  itself  must  "contain" 

1/4  (1/2)  wavelengths.  But  of  course  a wavelength  inside 

the  sample  is  not  the  same  length  as  in  air;  it  is  shorter 

by  a factor  equal  to  the  square  root  of  the  relative 

m 

dielectric  constant  of  the  sample  material.  Restating  all 
this  mathematically  we  have: 


1/4  A -case 
m 


1/2  A -case 
m 


d 


d 


A 

m 


r" 


where  d equals  the  sample  length  and  A^  denotes  a wave- 
length in  the  sample.  Above  it  was  stated  that 
A « A/  (K*)^^^  . Substituting  this  we  get 

m it\ 


d 


1/2 


d « 


^ 

2 (KM 


1/2 
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Finally,  solving  for  K'  we  see  that  wc  have  solved  for 
in  terms  of  the  sample  length; 


K’  = (A/4d) 


K' 

m 


(A/2d) 


For  these  special  cases  the  loss-tangent  of  the  sample 
material  is  given  by 


tan  6 = Ax/dK' 

m m 


tan  6 = Ax/d 

m 


where  we  have  introduced  a new  experimental  uantity  Ax, 
the  distance  between  two  points  in  the  slotted-linc  standing- 
wave  pattern  where  the  power -level  is  twice  that  at  the 
minimum-point  between  them.  So  we  can  find  both  the  dielec- 
tric constant  and  loss  tangent  for  a material  simply  by 
knowing  d and  measuring  Ax  when  the  above  special  condi- 
tion is  achieved.  We  can  tell  when  this  special  condition 
occurs  by  keeping  track  of  the  sample  length  (as  tlie  length 
is  adjusted)  and  not’ag  when  the  slottcd-line  standing-wave 
pattern  shifts  from  its  empty-cell  po.sition  a distance 
X/4  - d (X/2  - d for  a half -wavelength  sample)  toward  the 
sample. 


There  are  various  limitations  in  the  technique.  The 
simple  formulae  above  begin  to  become  significantly 
inaccurate  when  the  loss  tangent  of  the  material  exceeds 
.1.  On  the  other  hand  there  is  a minimum  Icss-tangcnt 
(approximately  .002)  that  can  be  measured  since  there  is 
a finite  Ax  (partially  nonrepeatable)  due  to  losses  in  the 
slotted-line  and  the  various  connections.  Another  difficulty 
is  estimating  accurately  the  length  of  liquids  samples 
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and  allowing  for  the  amount  of  liquid  sample  flowing  into 
small  voids  associated  with  the  center  coaxial  contact; 
these  difficulties  probably  contributed  about  1.5  percent 
and  3 percent  errors  respectively  to  measurements  of  loss 
tangent  and  dielectric  constant  of  liquid  samples. 

4.5  ANTENNA -PATTERN  MEASUREMENT.S 

To  study  the  patterns  of  various  antennas  both  in  air 
and  at  an  oil-air  interface,  a system  (Figure  4-5)  was 
designed  to  automatically  record  antenna  patterns.  To 
record  a pattern  the  transmitter  was  first  positioned  near 
the  center  of  the  tank  and  a motor-driven  fixture  wliich 
rotated  the  receiving  antenna  about  the  transmitter  was 
mounted  on  the  side  of  the  tank.  A potentiometer  coupled 
to  the  motor- shaft  was  used  to  produce  a dc  voltage 
proportional  to  the  angular  position  of  the  receiver.  This 
analog  voltage  together  witli  the  receiver  signal  were 
processed  through  a polar-to-rectangular  coordinate  converter 
which  allowed  the  antenna  patterns  to  be  plotted  in  polar 
form  on  an  X-Y  recorder. 

Figure  4-6  diagrams  the  circuit  used.  Since  the 
converter  had  only  a 180®  coverage  it  was  necessary  to  do 
each  pattern  in  two  halves,  reversing  both  DPDT  switches 
shown  between  halves.  The  potentiometer  was  initially 
centered  (thus  setting  the  0 -input  voltage  to  zero)  for 
the  receiver  positioned  directly  underneath  the  transmitter. 
The  converter  was  sufficiently  accurate  that  an  essentially 
perfect  circle  could  be  drawn  using  a constant  r- input. 


t 
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Figure  4-2.  -Comparison  of  filtered  and  unfiltered  data. 
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Figure  4-5.  -Antenna  rotating  fixture  (simplified). 
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5.0  INDEX  TO  DIGITIZED  TRAVERSES 


Following  is  an  index  to  all  traverses  recorded  and 
digitized  as  discussed  in  Sections  4.1  and  4.2.  The  first 
column  gives  the  run  number  assigned  to  each  traverse  and 
included  on  the  digitized  recording  at  the  locations 
specified  in  the  fourth  paragraph  of  Section  4.2. 

The  second  column  gives  the  file  number  of  each  run 
on  both  the  original  digitized  tapes  (denoted  SEPM  1 through 
SEPM  8).  The  series  of  numbers  is  read  "original  digital  tape 
number/file  number."  The  third  column  gives  each  run's  loca- 
tion on  the  original  FM  magnetic  tapes.  Further  to  the 
right  is  given  general  information  about  each  run.  R^  is 
the  starting  range. 

Thus  for  example  the  entry: 

"116  3/27  9-012" 

means  that  Run  116  was  recorded  beginning  at  position  012 
on  FM  tape  number  9;  when  digitized  it  was  recorded  as  the 
27th  file  on  tape  SEPM  3. 

Runs  marked  with  an  asterisk  (*)  were  digitized  twice 
due  to  a defect  in  the  original  digitization  or  to  some 
difficulty  in  plotting  a particular  run  thought  possibly 
to  be  related  to  a defect  in  digitization.  If  any  difficulty 
is  experienced  in  utilizing  the  digital  recording  of  a run 
marked  with  an  asterisk,  the  supplemental  index  at  the  end  of 
the  main  index  should  be  consulted  for  the  location  of  a 
duplicate  digitization.  Should  the  difficulty  remain  the 
defect  is  probably  in  the  original  FM  recording. 
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Both  the  original  FM  tapes  and  a master  digital  tape  are 
on  file  with  the  Johnson  Space  Center  Records  Management  Office 
under  the  classification;  Apollo  17  Surface  Electrical 
Properties  Experiment  (S-204)  Simulation  Model. 

The  master  digital  tape  contains  a condensed  record  of 
the  original  digital  tapes.  On  this  tape  the  356  digitized 
traverses  are  ordered  consecutively  by  run  number  (for  dupli- 
cate digitizations  the  last  digitization  only  is  used)  with 
one  traverse/record  and  10  records/file,  e.g.  run  number  13 
becomes  the  third  record  of  the  second  file  and  run  348  the 
eighth  record  of  the  thirty-fifth  file.  Each  record  (run) 
contains  300  8-character  words  (format:  xxx.xxxx)  giving  the 

power- level  in  db  from  0 — 30  wl  range  in  .1  wl  increments. 

The  range  corresponding  to  each  word  is  to  be  inferred  from 
that  word's  position.  For  example,  a run  for  which  the  power- 
level  was  recorded  from  .5  to  27  wl  occupies  words  5 through 
270.  The  power-level  is  set  to  zero  for  ranges  not  actually 
recorded.  In  each  record  the  300  data-words  are  preceded  by 
the  following:  four  4-character  words  giving  in  order  the 

run  number,  file  number,  number  of  real  data-words,  and 
position  of  first  real  data-word  (starting  range  multiplied 
by  ten)  followed  by  16  characters  carrying  the  legend 
"Scale  Model  1973." 
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INDHX  TO  DIGITIZED  TRAVERSES 


I 

i 

I 

I 

i 


HORIZONTAL  METAL  PLATE 


Digital 


Run 

Tape 

FM  Tape 

Plate 

No. 

Location 

Location 

Depth  (wl) 

001 

1/1 

4-010 

.5 

002 

1/2 

4-095 

1 

003 

1/3 

4-174 

1.5 

004 

1/4 

4-234 

2 

005 

1/5 

4-292 

2.5 

006 

1/6 

4-345 

3 

007 

1/7 

4-395 

4 

008 

1/8 

4-441 

5 

009 

1/9 

3-156 

6 

010 

1/10 

3-222 

7 

Oil 

1/11 

1-015 

1.25 

012 

1/12 

1-097 

1.22 

013 

1/13 

1-168 

1.18 

014 

1/14 

1-233 

1.15 

015 

1/15 

1-293 

1.11 

016 

1/16 

1-351 

1.08 

017 

1/17 

1-404 

1.04 

018 

1/18 

1-454 

1.00 

019 

1/19 

1-502 

.97 

020 

1/20 

1-547 

.93 

021 

1/21 

1-591 

.90 

022 

1/22 

1-633 

.86 

023 

1/23 

1-673 

.83 

024 

1/25 

2-006 

.79 

^Jwil 

.5 


3.25 
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INDt-X  TO  niGITIZl-l)  TRAVliRSHS  (ContinucdJ 


HORIZONTAL  MliTAL  PLATH  (Concluded) 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Plate 

Depth  (wl) 

025 

1/26 

2-089 

. 76 

3.25 

026 

1/27 

2-161 

.72 

ft 

027 

1/28 

2-226 

.69 

ft 

028 

1/29 

2-286 

.65 

ft 

029 

1/30 

2-343 

.62 

ft 

0 30 

1/31 

2-396 

.58 

ft 

031 

1/32 

2-447 

.55 

ft 

032 

1/33 

2-496 

.48 

1 1 

033 

1/34 

2-541 

.41 

ft 

034 

1/35 

2-584 

.34 

tl 

035 

1/36 

2-625 

.27 

ft 

0 36 

1/37 

2-665 

.20 

tl 

037* 

1/38 

3-005 

.13 

tt 

038* 

1/39 

3-087 

.06 

ft 
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INDl-X  TO  niGlTlZlil)  TRAVl'RSFS  (Continued) 


METAL  PLATE 

- LATERAL 

SLOPES  (R  = .5 
o 

wl ) 

Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Plate 

Depth  (wl) 

Slope  Angle 

0 39 

1/40 

5-015 

6 

3.8° 

040 

1/41 

5-105 

ft 

7.6° 

041 

1/42 

5-183 

4 

3.8° 

042 

1/43 

5-254 

4 

7.6° 

043 

1/44 

5-319 

2 

3.5° 

044 

1/45 

5-380 

2 

7.5° 

045 

1/46 

5-4  37 

2 

1.4° 

046 

1/47 

5-490 

1 

1.4° 

047 

1/48 

5-541 

1 

3.9° 

048* 

1/49 

5-592 

.5 

1.4° 
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INDl-X  TO  DIGITIZED  TRAVERSES  (Continued) 


METAL  PLATE 

- FORWARD 

SLOPES  (R  = .5 
o 

wl) 

Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Plate 

Depth  (wl) 

Inclination 

049 

1/50 

5-641 

1.04 

2“ 

050 

i/1 

1-025 

1 

1° 

051 

2/2 

I-lll 

t » 

0® 

052* 

2/3 

1-184 

M 

-r 

053 

2/4 

1-247 

It 

-3° 

054 

2/5 

1-309 

If 

-5® 

055 

2/6 

1-362 

It 

-7° 

056 

2/7 

1-411 

II 

-9“ 

057* 

2/8 

11-014 

2 

3° 

058 

2/9 

11-103 

II 

1° 

059 

2/10 

11-183 

It 

0“ 

060 

2/11 

11-253 

It 

-1° 

061* 

2/12 

I r-318 

If 

-3° 

062 

2/13 

11-379 

II 

-5° 

06  3 

2/14 

11  - 4 36 

tt 

-7° 

064 

2/15 

1 1-489 

II 

-9° 

065 

2/16 

I 11-007 

4 

70 

066 

2/17 

I1I-098 

tl 

5“ 

067 

2/18 

1 11-176 

tt 

3" 

068 

2/19 

III-247 

II 

r 

069 

2/20 

111-311 

II 

0° 

070 

2/21 

III-371 

tt 

-r 

071 

2/22 

I1I-428 

It 

-3“ 

072 

2/23 

111-481 

tl 

-5* 

5-6 


INDEX  TO  DIGITIZED  TRAVI-RSES  (Continued) 


METAL 

PLATE  - 

FORWARD  SLOPES 

(R^  = .5  wl) 

(Concluded) 

Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Plate 

Depth  (wl) 

Inclination 

2/24 

IV-008 

6 

90 

074 

2/25 

IV-095 

ft 

70 

075 

2/26 

IV-168 

M 

5“ 

076 

2/27 

IV- 2 34 

M 

3“ 

077 

2/28 

IV-293 

It 

1“ 

078 

2/29 

IV-348 

M 

0“ 

079 

2/30 

IV-399 

M 

-1® 

080 

2/31 

IV-534 

It 

-2“ 

5-7 


INDEX  TO  DIGITIZED  TRAVERSKS  (Continued) 


HORIZONTAL  DIELECTRIC  SLAB 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Plate 

Depth  (wl) 

R (wl) 

— O — ^ 

081 

2/32 

6-009 

6 

.5 

082 

2/33 

6-098 

5 

f 1 

083 

2/34 

6-177 

4 

f t 

084 

2/35 

6-248 

3 

I » 

085 

2/36 

6-314 

2.5 

tl 

086* 

2/37 

6-376 

2 

t» 

087 

2/38 

6-432 

1.5 

M 

088 

2/39 

6-485 

1 

ft 

089 

2/40 

6-536 

.5 

If 

090 

2/41 

6-628 

0 

f f 

091 

3/1 

7-012 

1.5 

3.25 

092 

3/2 

7-092 

1.43 

ff 

093 

3/3 

7-164 

1.36 

It 

094 

3/4 

7-230 

1.29 

If 

095 

3/5 

7-290 

1.22 

II 

096 

3/6 

7-346 

1.16 

II 

097 

3/7 

7-399 

1.09 

It 

098 

3/8 

7-450 

1.00 

II 

099 

3/10 

7-498 

.93 

II 

100 

3/11 

7-544 

.86 

II 

101 

3/12 

7-588 

.79 

II 

102 

3/13 

7-631 

.76 

II 

103 

3/14 

8-008 

.72 

If 

104* 

3/15 

8-C88 

.696 

II 

105 

3/16 

8-161 

.66 

• 1 

5-8 


INDEX  TO  DIGITIZED 


SES  (Continued) 


INDEX  TO  l)IGITIZl-n  TRAVl-RSHS  (Continued) 


DIELECTRIC 

SLAB  - FORWARD 

SLOl’IiS  (R  » 

O 

.5  wl) 

Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Plate 

Depth  (wl) 

1 ncl inati on 

116 

3/27 

9-012 

1 

1 “ 

117 

3/28 

9-101 

tt 

0° 

118 

3/29 

9-179 

»f 

-r 

119 

3/30 

9-250 

It 

-3“ 

120 

3/31 

9-314 

f » 

-5” 

121 

3/32 

9-375 

It 

-7“ 

122 

3/33 

9-432 

II 

-9“ 

123 

3/34 

10-006 

2 

-7“ 

124 

3/35 

10-096 

It 

-5° 

125 

3/36 

10-175 

It 

-3“ 

126 

3/37 

10-247 

tf 

r 

127 

3/38 

10-312 

If 

0“ 

128 

3/39 

10-373 

M 

1" 

129 

3/40 

10-431 

II 

3’ 

130 

3/41 

11-009 

4 

70 

131 

3/42 

11-099 

It 

5® 

132 

3/43 

11-177 

If 

3“ 

133 

3/44 

11-248 

• I 

r 

134 

3/45 

11-314 

II 

0“ 

135 

3/46 

11-374 

II 

-3® 

136 

3/47 

11-430 

II 

-3“ 

137 

3/48 

12-099 

6 

0® 

138 

3/49 

12-008 

II 

i* 

5-10 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


DIELECTRIC  SLAB  - FORWARD  SLOPES  (R^  • -5  wl)  (Concluded) 


Run 

Nc. 

Digital 

Tape 

Location 

FM  Tape 
Locate  on 

Plate 

Depth  (wl) 

Inclination 

139 

3/50 

12-179 

6 

3" 

140 

3/51 

12-250 

ft 

5" 

141 

3/52 

12-315 

If 

70 

142 

3/53 

12-376 

If 

9“ 

s-n 


INDEX  TO  niClTlZHD  TRAVHRSHS  (Cor  tiiuic-d) 


CRATER  OVER 

DIELECTRIC 

SLAB  (R 

o 

^ 3,25  wl ) 

Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Slab 

Depth 

(wl) 

(!ratcr 

Diameter 

(wl) 

Crater 

Range 

(wl) 

143 

o/54 

13-018 

1 

2.5 

1 8 

144 

3/55 

13-096 

1 

If 

If 

(of f-3Ct 
line) 

.25  wl  from 

t raverse 

145 

3/56 

13-164 

1 

(re  fercnce 

for 

runs  143-147) 

146 

3/57 

13-228 

1 

2 . 5 

1 1 

147 

3/58 

13-282 

1 

If 

II 

(off-set 
1 ine) 

.25  wl  from 

traverse 

148 

3/59 

13-334 

.5 

2.5 

1 1 

149 

3/60 

13-382 

It 

(reference 
run  148) 

f or 

150 

3/61 

14-017 

3 

(3.5) 

22 

(one-quarter  crater, 

of  f -set 

1 wl) 

151 

3/62 

14-099 

3 

( re  fe  rence 

f or 

run  l*iO) 


S-12 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


CREVASSES  OVER  DIELECTRIC  SLAB 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Slab 

Depth 

(wl) 

Crevasse 

Dimensions 

(wl) 

I’revasse 
Range  o 

(wl)  (wl) 

152 

3/63 

15-017 

4 

.3x3x3 

5 .5 

153 

3/64 

15-104 

It 

tt 

15 

154 

3/65 

15-178 

tt 

(reference 

for  runs  152-158) 

155 

3/66 

15-245 

tt 

.15x1.5x1.5 

5 

156 

3/67 

15-305 

tt 

tt 

15 

157 

3/68 

15-361 

ft 

.lx.75x.75 

5 

158 

3/69 

15-412 

tt 

tt 

15 

159* 

3/70 

16-013 

1 

ft 

15  3.25 

160 

3/71 

16-093 

ft 

tt 

5 

161 

3/72 

16-161 

tt 

(reference 

for  runs  159-160) 

5-13 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


SPHERES  OVER  DIELECTRIC  SLAB  (R^  = . 5 wl ) 

(Slab  Depth  6 wl . Spheres  Centered  At  4 wl  Depth.) 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

162 

3/73 

17-189 

163 

3/76 

17-018 

164 

3/77 

17-109 

165 

3/78 

17-258 

166 

3/79 

17-324 

167 

3/80 

17-386 

168 

3/81 

17-444 

169 

3/82 

17-502 

170* 

3/83 

17-553 

171 

3/84 

17-601 

172 

3/85 

17-648 

173 

3/86 

18-006 

174 

3/87 

18-095 

Sphere 

Diameter 

(wl) 

Sphe  re 
Material 

Sphere 

Range 

(wl) 

(reference  for  runs  163-174) 

1 

metal 

5 

1 

tl 

o^ 

If 

2 

metal 

11 

ft 

II 

a^ 

II 

.5 

metal 

II 

K’  = 6 

II 

1 

K'=  6 

0 

ff 

II 

5 

II 

II 

10 

M 

It 

15 

It 

II 

20 

If 

II 

25 

INDEX  TO  DIGITIZED  TRAVI-RSES  (Continued) 


SPHERES  ON  DIELECTRIC  SLAB  (R  = .S  wl) 

o 


Run 

No. 

Digital 

Tape 

Location 

(Slab 

FM  Tape 
Location 

Depth  2 wl . ) 

Sphere 

Diameter 

(wl) 

Sphere 
Matcri al 

Sphere 

Range 

(wl) 

175 

3/88 

18-539 

(re ference 

for  runs 

176-184) 

176 

3/89 

18-178 

1 

K’  = 6 

0 

177 

3/90 

18-249 

If 

It 

5 

178 

3/91 

18-315 

It 

II 

10 

179 

3/92 

18-375 

M 

II 

15 

180 

3/93 

18-432 

If 

II 

20 

181 

3/94 

18-487 

If 

II 

25 

182 

3/95 

18-590 

It 

11 

5 

(off-set  1 

wl  from 

t raversc - 1 inc) 

183 

3/96 

18-639 

If 

II 

10 

(off-set  1 

wl  from 

traverse-line) 

184* 

3/97 

18-682 

II 

1 1 

10 

(offset  1 

.5  wl  from  traverse- line) 

5-15 


T 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


SIMULATED 

CREVASSE  IN 

DIELECTRIC  SLAB  (R^ 

= ^ 

5 wl) 

Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Slab 

Depth 

(wl) 

Crevasse 
Dimcns i ons 
(wl  ) 
wxhx  1 

Crevasse 
Range 
(wl ) 

185 

4/1 

19-017 

2 

.5x.5x4 

5 

186 

4/2 

19-105 

tf 

. 25x. 5x4 

5 

187 

4/3 

19-178 

It 

tf 

15 

188 

4/4 

19-242 

f f 

.5x.5x4 

15 

189 

4/5 

19-307 

?f 

(re  fercncc 

for 

runs  185-189) 

190 

4/6 

19-361 

1 

.25x.5x4 

5 

191 

4/7 

19-411 

tf 

ft 

1 5 

192 

4/8 

19-457 

tf 

(re  I'o  rcncc 

for 

runs  190-191) 


/ 

r 


5-16 


I- 

INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 

BLOCKS  ON  DIELECTRIC  SLAB  (R  = .5  wl) 
(Thirteen  Blocks  Scattered  Inside  15  wl  Range) 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Locat i on 

Slab  Depth  (wl ) 

193 

4/9 

20-024 

1 

194 

4/10 

70-107 

2 

195 

4/11 

20-177 

3 

196 

4/12 

20-240 

4 

197 

4/13 

20-297 

5 

198 

4/14 

20-353 

6 

5-17 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


HALF -SPACE  AT  VARIOUS  LOSS- TANG  liNTS 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Loss- 

Tangent 

Soiiii 

199 

4/lS 

A-006 

.002 

.5 

(receiver  reversed) 

200 

4/16 

D-442 

.002 

ff 

201 

4/18 

A-097 

.012 

M 

(odometer 

202 

4/19 

A-172 

.025 

1.25 

artificial) 

205 

4/20 

A-238 

.042 

tt 

204 

4/21 

A-298 

.073 

tf 

205 

4/22 

A-353 

.142 

M 

5-18 


INDliX  TO  DIGITIZED  TRAVliRSHS  (Continued) 


HORIZONTAL  METAL 

PLATE  AT 

VAR  lows  LOSS-TANGENTS 

Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Plate 

Depth 

Jan. 

Loss- 

Tangent  (wl) 

206 

4/23 

M-011 

.5 

.002  .5 

207 

4/24 

M-103 

1 

ft  M 

208 

4/25 

M-181 

1.5 

It  ft 

209 

4/26 

M-251 

2 

ft  ft 

210 

4/27 

M-316 

2.5 

tt  ft 

211 

4/28 

M-376 

3 

ft  ft 

212 

4/29 

M-433 

4 

ft  ft 

213 

4/30 

M-486 

5 

ft  tl 

214 

4/31 

M-536 

6 

fl  !l 

215 

4/32 

M-586 

7 

ft  tt 

216 

4/33 

N-011 

1 

.012  " (odometer 

arti  ficial 

217 

4/34 

N-103 

2 

tf  ft  It 

218 

4/35 

N-185 

3 

tt  tt  tt 

219 

4/36 

N-257 

4 

tt  tt  tt 

220 

4/37 

N-322 

5 

It  tt  It 

221 

4/38 

N-382 

6 

tt  ft  tt 

222 

4/39 

N-440 

7 

tt  tt  tt 

223 

5/1 

S-011 

1 

.025  1.25 

224 

5/2 

S-100 

2 

tt  tt 

225 

S/3 

S-177 

3 

tt  It 

226 

5/4 

S-247 

0 

t*  tl 

227 

5/5 

S-311 

5 

tt  It 

228 

5/6 

S-371 

6 

tt  tt 

229 

5/8 

S-427 

7 

tt  tt 

230 

5/9 

Y-OlO 

.5 

.042  1.25 

231 

5/10 

Y-097 

1 

It  tl 

S-19 


INDEX  TO  DIGITIZED  TRAVIiRSES  (Continued) 


HORIZONTAL  METAL  PLATE  AT  VARIOUS  LOSS-TANCliNTS  (Concluded) 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Plate 

Depth 

(wl) 

Loss- 

Tangent 

R (wl) 
o ^ 

232 

5/11 

Y-173 

1.5 

.042 

1.25 

233 

5/12 

Y-243 

2 

• t 

11 

23-1 

5/13 

Y-  307 

2 . 5 

tt 

If 

235 

5/14 

Y-366 

3 

11 

11 

236 

5/15 

Y-423 

4 

M 

11 

237 

5/16 

Y-475 

5 

11 

It 

238 

5/17 

Y-525 

6 

11 

11 

239* 

5/18 

Y-574 

7 

11 

11 

240 

5/19 

Z-008 

.5 

.073 

1.25 

241 

5/20 

Z-095 

1 

11 

11 

242 

5/21 

Z-174 

1.5 

ft 

11 

243 

5/22 

Z-244 

2 

II 

11 

244 

5/23 

Z-310 

2.5 

11 

11 

245 

5/24 

Z-370 

3 

11 

11 

246* 

5/25 

Z-426 

4 

11 

11 

247* 

5/26 

Z-480 

5 

11 

11 

248* 

5/27 

Z-532 

6 

11 

11 

249 

5/28 

Z-584 

7 

11 

11 

250 

5/29 

CC-009 

.5 

.142 

1.25 

251 

5/30 

CC-097 

1 

11 

11 

252 

5/31 

CC-175 

1.5 

II 

11 

253 

5/32 

CC-246 

2 

11 

11 

254 

5/33 

CC-311 

2.5 

11 

It 

255 

5/34 

CC-371 

3 

11 

11 

256 

5/35 

CC-428 

4 

11 

II 

S-20 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


SINGLE  CREVASSES  IN  HALF- SPACE  (R  = .5  wl) 

o 

(Crevasse  Range  5 wl.  Loss-Tangent  .002.) 

Crevasse 

Digital  Dimensions 


Run 

No. 

Tape 

Location 

FM  Tape 
Location 

(wl) 

wxlxh 

Crevasse  Field 

Orientation  Component 

2S7 

5/56 

C-006 

7 V 7 V t 
♦ .j  ' 

0“ 

i;-phi 

2S8 

5/37 

C-102 

t1 

0° 

F.-Rho 

259 

5/38 

C-179 

M 

45° 

E-Rho 

260 

5/39 

C-243 

It 

45° 

E-Phi 

261 

5/40 

C-304 

It 

90° 

li-Phi 

262 

5/41 

C-358 

It 

90° 

E-Rho 

263 

5/42 

D-008 

.15x1.5x1. 

5 

0° 

E-Phi 

264* 

5/43 

D-097 

II 

0° 

.;-Rho 

265 

5/44 

D-271 

It 

45° 

H-Phi 

266 

5/45 

D-237 

It 

45° 

E-Rho 

267 

5/46 

D-296 

II 

90° 

E-Phi 

268 

5/47 

D-348 

It 

90" 

E-Rho 

269 

5/48 

D-397 

(reference  for  runs 
E-Rho  component) 

257-275, 

199 

4/15 

A-006 

(reference 

for 

run 

257) 

200 

4/16 

D-442 

(reference 

for 

runs 

258-275, 

E-Phi  component) 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


MULTIPLE  CREVASSES  IN  HALF-SPACE  (R  - .5  wl) 

o 

(Set  of  Six  Crevasses  Centered  at  9 wl  Range, 
Loss-Tangent  » .002) 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Crevasse 

Dimensions 

(wl) 

wxixh 

Crevasse 

Orientation 

Field 

Component 

270 

5/49 

E-'OIO 

.15x1.5x1.5 

O'* 

E-Phi 

271 

5/50 

E-098 

ft 

0° 

E-Rho 

272 

5/51 

E-171 

If 

90“ 

E-Rho 

273 

5/52 

E-238 

ft 

90“ 

E-Phi 

274 

5/53 

E-296 

If 

45“ 

E-Phi 

275 

5/54 

E-350 

If 

45“ 

E-Rho 

index  to  digitized  traverses  (Continued) 


SINGLE  CREVASSE  OVER  METAL  PLATE 
(Plate  Depth  4 wl.  Crevasse  Range  5 A) 


Crevasse 

Pimensions 


Run 

No. 

Location 

Location 

(wl) 

wxlxh 

Crevasse 

Orientation 

EicUl 

Component 

276 

S/S3 

I-Oll 

. 3x3x3 

O'* 

E-Phi 

•n 

4 / / 

5/56 

1-097 

•f 

O'* 

E-Rho 

278 

5/57 

1-172 

tl 

45'* 

E-  Rho 

279 

J/58 

1-236 

tt 

45** 

E.-I’hi 

280 

5/59 

1-294 

tt 

OO" 

E-Phi 

281 

5/60 

1-349 

It 

90'* 

E;-Rho 

282* 

8/18 

H-011 

.15x1.5x1.5 

0" 

E-Phi 

283 

5/62 

H-098 

II 

0” 

E-Rho 

284 

5/63 

JM72 

tt 

45" 

E-Rho 

285 

5/64 

H-239 

tt 

45" 

E-Phi 

286 

5/65 

H-302 

tt 

90" 

E-Phi 

287 

5/66 

H-356 

It 

90" 

E-Rho 

288 

5/67 

V-014 

II 

0" 

E-Phi 

289 

5/68 

V-105 

It 

45" 

E-Phi 

290 

5/69 

V-184 

It 

90" 

E - Ph  i 

291 

5/70 

V-256 

.lx.75x.75 

0" 

E-Phi 

292* 

5/71 

V-321 

II 

45" 

E-Phi 

293 

5/72 

V-383 

II 

90" 

E-Phi 

1 


INDEX  TO  DIGITIZED  TRAVERSl-S  (Continued) 

MULTIPLE  CREVASSES  OVER  METAL  PLATE 

(Plate  Depth  4 wl.  Set  of  Six  (five  for  runs  305-308) 
Crevasses  Centered  at  9 wl  Range.] 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Crevasse 

Dimensions 

(wl) 

wxlxh 

Crevasse 

Orientation 

Field 

Component 

■^0 

(wl) 

Loss  - 
Tangent 

294* 

5/73 

G-OlO 

.15x1.5x1.5 

0“ 

E-Phi 

.5 

.002 

295 

5/74 

G-099 

tt 

0" 

E-Rho 

tf 

tt 

296 

5//S 

G-174 

M 

45* 

E-Rho 

tt 

tf 

297 

5/76 

G-239 

tl 

45" 

E-Phi 

ft 

ft 

298 

5/77 

G-298 

tl 

90* 

E-Phi 

tt 

ft 

299 

5/78 

G-353 

• t 

90* 

E-Rho 

ft 

tt 

300 

5/79 

G-403 

(reference 

for  runs  276- 

299,  E-Rho) 

212 

4/29 

M-433 

(reference 

for  runs  276- 

299,  E-Phi) 

301 

5/80 

U-013 

.15x1.5x1.5 

0* 

E-Phi 

1.25 

.025 

302 

5/81 

U-107 

ft 

90" 

E-Phi 

It 

tt 

303 

5/82 

U-189 

tf 

0* 

E-Phi 

tt 

.042 

304 

5/83 

U-258 

If 

90* 

R-Phi 

tt 

It 

305 

S/84 

U-326 

. 1* . 75* .75 

0* 

E-Phi 

tt 

It 

306 

S/8S 

U-387 

If 

90* 

E-Phi 

tt 

tl 

307 

S/86 

U-448 

ft 

0* 

E-Phi 

tt 

.073 

308 

S/87 

U-SOl 

ft 

90* 

E-Phi 

tt 

ft 

i 
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INDEX  TO  DIGITIZED  TRAVVRSi-S  (CoiUinued) 


JUNEAU 

(11-14  m Diameter  * A.'>  r:.  'Jeep.  Range  263  m. 
Off  l 10  m.) 


Digital 

Frequency 

Loss 

Run 

Tape 

FM  Tape 

Modeled 

No. 

Location 

Location 

(MHz) 

Tangent  (wl) 

309 

5/88 

U-554 

(32  MHz  crater 

.073  1.25 

at  16  MHz  range 
over  metal  plate 
4 wl  deep) 


310 

5/89 

0-010  Half-Space 

32 

.012 

.5 

311 

5/90 

0-101 

32 

.025 

1.25 

312 

5/91 

0-180 

16 

.025 

1.25 

313 

5/92 

0-254 

16 

.042 

1.25 

314 

5/93 

0-320 

32 

.042 

i.25 

5-25 

I 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


30*  MOUNTAIN-SIDE  (R^  “1.25  wl) 
(Transmitter  173  ft  from  Baseline) 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Frequency 

Modeled 

(MHz) 

Traverse 

Direction 

Loss 

Tangei 

315 

5/95 

W-011 

8 

away 

.042 

316 

5/96 

W-112 

8 

45" 

.042 

317 

5/97 

N-182 

8 

along 

.042 

318 

5/98 

W-252 

S 

away 

.073 

319 

5/99 

W-310 

4 

away 

.073 

320 

5/100 

W-364 

8 

45“ 

.073 

321 

5/101 

W-416 

4 

45“ 

.073 

322 

5/102 

W-467 

8 

along 

.073 

323 

5/103 

W-514 

4 

along 

.073 

324 

5/104 

DD-011 

4 

away 

.142 

325 

5/105 

DD-093 

2 

away 

.142 

326* 

5/106 

DD-166 

4 

45" 

.142 

327 

5/107 

DD-231 

2 

45" 

.142 

328 

5/108 

DD-291 

4 

along 

.142 

329 

5/109 

DD-348 

2 

along 

.142 

5-26 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 

STEP  (Rq  - 1.25  wl) 

(45**  Ramp  Connecting  Horizontal  Plates  200  and  490  ft  deep) 


Run 

No. 

Digital 

Tape 

Location 

FM  Tape 
Location 

Frequency 

Modeled 

(MHz) 

TX 

Pos ition 

RX 

Position 

Loss  - 
Tangent 

330 

5/110 

X-012 

8 

bottom 

away 

.042 

331 

5/111 

X-092 

If 

top 

away 

»» 

332 

5/112 

X-165 

ft 

bottom 

along 

M 

333 

5/113 

X-232 

ft 

bottom 

toward 

If 

334 

5/114 

X-292 

ft 

top 

toward 

I* 

335 

5/115 

X-352 

(reference  for  8 MHz) 

336* 

6/1 

T-014 

4 

bottom 

away 

.073 

337 

5/2 

T-094 

ft 

top 

away 

If 

338 

6/3 

T-166 

ft 

bottom 

along 

11 

339 

6/4 

T-232 

If 

bottom 

toward 

If 

340 

6/5 

T-293 

ft 

top 

toward 

It 

341 

6/6 

T-350 

(reference  for  4 MHz) 

342 

6/7 

P-012 

2 

bottom 

away 

.142 

343 

6/8 

P-094 

f? 

top 

away 

ft 

344 

6/9 

P-166 

If 

bottom 

along 

ff 

345 

6/10 

P-232 

ft 

bottom 

toward 

If 

346 

6/11 

P-293 

If 

top 

toward 

If 

347 

6/12 

P-351 

(reference  for  2 MHz) 

S-27 


INDEX  TO  DIGITIZED  TRAVERSES  (Continued) 


Run 

No. 

348 

349 

350 

351 

352 

353 

354 

355 

356 


RIDGE  (Rq  = 1.25  wl) 

(45®,  200  ft  High  Ridge  on  490  ft  Deep  Plate) 


Digital 


Tape 

Location 

FM  Tape 
Location 

6/13 

X-406 

6/14 

X-456 

6/15 

X-505 

6/17 

T-404 

6/18 

T-454 

6/19 

T-502 

6/20 

P-406 

6/21 

P-457 

6/22 

P-506 

Frequency 

Modeled 

(MHz) 

TX 

Position 

8 

bottom 

8 

bottom 

8 

bottom 

4 

bottom 

4 

bottom 

4 

bottom 

2 

bottom 

2 

bottom 

2 

bottom 

RX 

Position 

Loss  - 
Tangent 

away 

.042 

toward 

.042 

along 

.042 

away 

.073 

toward 

.073 

along 

.073 

away 

.142 

toward 

.142 

along 

. 142 

INDEX  TO  DIGITIZED  TRAVERSES  (Concluded) 


SUPPLEMENTAL  INDEX  TO  DUPLICATED  DIGITIZATIONS 


Run  No. 

Indexed 

Dieitization 

Duplicate 

Digitization 

037 

1/38 

7/1 

038 

1/39 

8/1 

048 

1/49 

7/2 

052 

2/3 

6/23 

057 

2/8 

6/24 

061 

2/12 

6/25 

073 

2/24 

8/2 

086 

2/37 

8/3 

104 

3/15 

8/4 

106 

3/17 

8/5 

110 

3/21 

8/6 

111 

3/22 

8/7 

112 

3/23 

8/8 

159 

3/70 

8/9 

170 

3/83 

8/10 

184 

3/97 

8/11 

239 

5/18 

8/12 

246 

5/25 

8/13 

247 

5/26 

8/14 

248 

5/27 

8/15 

264 

5/43 

7/3 

282 

8/18 

5/61 

292 

5/71 

7/4 

294 

5/73 

8/16 

326 

5/106 

8/17 

336 

6/1 

7/5 

5-29 
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APPENDIX  A 


TRAVERSES  OVER  METAL  PLATE 


RfiNGE 


RANGE 


FIGURE  R22.  metal  plate  --  formaro  slopes 


RANGE 


APPENDIX  B 


TRAVERSES  OVER  A DIEUiCTIC  SLAB 


RANGE 


f JGURE  B6.  HORIZOMlftL  OJfLfClRlC  SLftS.  7X  20  OBfi 


RANCf 


ti3H0d  13Q0U  31U3S 


RANGE 


‘2  RANGE 


FIGURE  B12.  0IELEC7RIC  slab  forward  slopes 


RANGE 


FIGURE  B13.  DIELECTRIC  SLOB  FORHflRO  SLOPES. 


RANGE 


iDTr 


i ^ 


uanod  1300M 


'*  BRNGE 


FIGURE  B17.  DIELECTRIC  SLAB  FORWARD  SLOPES. 


Ohl 


RRNGE 


FIGURE  B21.  2. 5X  DIAMETER  CRfiTER  OVER 


* 00  Sl“*  U3H0d  13Q0M  3iyDS 


FIGURE  B2H.  .i5x  hide  crevrsse  over 


RANGE 


USMOd  13Q0M  3*ld3S 


UBHOd  l.?QOU  B1UDS 


FIGURE  B30.  IX  oirmeter  sphere  cen-^ereo  4x 


IX  OlflMETER  SPHERE  SET  QN  SLAB. 


FIGURE  B34.  ix  diameter  sphere  set  on  slab 


.Sy.  OFF-CENTER 


FIGURE  641.  RANDOM  slocks  on  slab,  slocks 


APPiiNDIX  C 


VARIABLE 


LOSS  DAVA  TRAVERSES 


U3n0d  *1300U  31U3S 


HORIZONTAL  METAL  PLAT 


FIGURE  C7.  HORIZOMTftL  METAL  PLATE. 


RANGE 


HP'  SI 


RANGE 


HORIZONTRL  METRL  PLRTE 


RANGE 


**  RflMCE 


‘2  RANGE 


FIGURE  Cl 2.  HonizoNTflL  heial  plate 


M3A0d  1300U  31V36 


**  RANGE 


‘2  RANGE 


FIGURE  Cl 6.  HORIZONTAL  HETRL  PLATE. 

LOSS  TANGENT  .14^.  TX  20  OBH 


2,oox/»o.o»  ?s: 


UajIAd  1300W  T1H3S 


RfiNGE 


RftNGE 


U3M0d  13Q0M  31H3S 


RANGE 


FIGURE  C23.  6-.is\  hide  cbevasses  in  half- 

space.  LTAN«.002.  TX  30  06H. 


RANGE 


3 CURE  C24.  6-.15X  HIDE  CBEVfiSSES  IN  HflLF- 

SPRCE.  LTRN-.002.  TX  30  OBH. 


9.00X/*90>  Zli 


RANGE 


UBMOd  1300N  31U3S 


U3H0d  *1300W 


>2  BflNGE 


FIGURE  C37 


*2  HftNGE 


RANGE 


FIGURE  CMO.  0,6X  OIANEICR  CRATEfl  IN  HRLF- 

SPRCC.  TX  30  OON. 


*2  RftNGE 


ftflNce 


FIGURE  C49.  «I5*  step  BETMEEN  plates  290W90 


STEP 


nONCE 


RftMCe 


APPENDIX  D 


SPHERICAL  SCATTERING  OBJECTS  TRAVERSES 
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0 , 
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' V 
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i _ f 

' 
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X ■ 
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; ■ i'n,'p 
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1 
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1 1 1 1 1 1 1 1 1 

10X 

1 BX 

20X  ,25X 

F^yure  D-6 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


,,i.;;,lNAL  TAOK  US 

i;i'  J^OOR  quality. 


APPENDIX  E 


DYE- 3 TRAVERSES 


Pirur#  F-1 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


Dnt„fp  E ^ENESJMMONS 

Gtophy,ics  BranrH  ^ STRANCWay 

Space  Expenn^„„^ 

, Mn,  CamlHtdgf^  Mass,  02 U9,  Us 
Housia^,  r«.  7;hsp  Cea,er. 

• Mast.  02! J9,  U.S..4. 

and 

Houston.  Tex.  770S8.  (J.S.A  ^ ^ Science  Institute _ 

Akttract.  The  lurface  ele<Mru<si ... 

frequency  as  a funetb^f  ''“'  ''  **  Poss.wrto  !•"'’  '"''°"^“'o''  from  ihe 

lh«  ^ ?>nt»  consfnirr^^  . 


I.  lorroducfloii 

^fl  this  pAper  vw  L 

planned  for 'eIa!I!!iIo\?!!1”"  *”r>«  Eterical  Ptopeni 

no  moisture  presenr  F/ecimm  bdfeverf  #n  k.  • 

■H.  e«p,«,L  foT„t:rr:  "roT:r" 

thTalmoir5*  than  about  5 x w*T'  ’«  '^e  por 

"smtant  d.pih,  or  pci»„a,r„„,  ‘"’  “""»  •<"!»  f»e,u.n.i„  ro  , 

“ ‘'™"  « (W  + lo,„,,-.  *j,„  PTa^te,  f„, 


K t H K .RICAI.  RKOPFK  ms  I ' 5 I K 


. .r  S i 


c - ^^iclv;cf^icco^^unt  • far  tl*  at. 

f.1  ••  magnetic  pcrnieabifity  i enrie^  m. 

roiaiional  frequency  (=5.  2n  j - frequency  in  Hz) 
o - conductivity  mhos/m. 

For  most  Earth  applications  so  that  the  problem  become';  crtitel  / o.ie  of 

difTusion  and  no  propagation  taftes  place.  la  environrrents  where  (he  ;s  \cry 

high,  however,  and  the  problem  become^;  one  of  propagatu>n  with  all  the 

attendant  phenomena  of  diffraction,  interference,  etc.  Early  attempts  to  penetrate  the 
Earth  at  radio  frcqucnacs  met  with  little  success  simply  because  the  penetration 
depth  (given  by  for  the  diffusive  ease  and  (3  x 1 0^ )/  (;ry^' A'  Ian  for  the  pro- 

pagation ease  where  A'=  relative  dielectric  constant  and  tan  --  loss  tangent)  was  too 
small.  In  recent  ^cars,  experiments  on  glaciers  have  shown  that  it  is  possible  to  get 
radio-frequency  reflections  from  very  great  depths  (Rinker  and  Mock,  1967 ; Harrison, 
1970)  and  radar  has  been  used  to  map  the  outline  of  salt  domes  (t  Jmerberger  e.  ai,, 
1970;  Holster  er  aL,  1970).  The  reason  for  success  in  penetrating  significant  distances 
in  iLvm;  iwo  media  is  that  they  both  have  very  high  rtsisiiviiics,  on  the  order  of  10^  * f?-m 
or  more.  Lunar  soils  and  rocks  have  been  shown  to  have  very  high  values  of 
resistivity  and  accordingly  it  would  appear  that  the  lunar  environment  is  particularly 
suited  to  depth  sounding  using  radio  frequencies  (Strangway,  1969;  St.  Amant  und 
Strangway,  1970;  Katsube  and  Collet,  1971  ;Chunge/n/.,  1971). 

The  properties  of  typical  dielectrics  have  been  reviewed  by  many  workers  but  for 
those  of  interest  to  us,  the  dielectric  constant  ranges  from  about  7 for  powders  lo 
about  10  for  solids.  Equally  important  is  the  general  phenomenon  that  the  ios^  tangent 
is  nearly  independent  of  frequency  provided  there  are  no  relaxations.  This  was  indeed 
found  to  be  the  ease  for  the  lunar  samples  (Katsube  and  Collet,  1971 ; Chung,  1972)  so 
that  the  lunar  materials  behave  precisely  like  those  earth  rocks  which  have  no  hydrous 
minerals  (St.  Amant  and  Strangway,  1970).  The  loss  tangent  may  he  converted  lo  a 
variety  of  equivalent  parameters.  Since  ?t  is  a measure  of  the  imaginary  part  of 
the  dielectric  constant  it  is  also  a measure  of  the  real  part  of  the  conductivity 
(tau^*«A<ticr.pp).If  there  isafiniteconducliviiy,  however,  this  can  be  converted  to  an 
equivalent  penetration  depth  (y  (2/a^pp  For  a frequency-independent  loss  tang- 
ent this  relation  is  illustrated  in  Figure  1.  Typically,  the  lunar  locks  have  values  of 
^(K  tan  j)of  aboutO.OS  to  about  0.2  and  the  soils  have  values  less  by  a factor  of  about 
4 or  S (see  Table  1).  At  I MHz  the  penetration  depth  in  lunar  materials  is  typically  a 
few  kitomelers  while  at  30  MHz  it  is  typically  a few  hundred  meters. 

The  experimental  results  to  be  discussed  in  this  paper  were  measured  on  glaciers 
which  IS  almost  the  only  environment  on  Earth  in  which  a suitable  analogue  experiment 
can  be  conducted.  The  analogy  is  not  perfect,  since  ice  has  a relaxation  loss  that  occurs 
in  the  audio  frequency  part  of  t!:e  spectrum.  The  tail  of  this  relaxation  spectrum  still 
affects  the  loss  tangent  in  the  range  of  frequencies  of  importance  in  the  Suiface  Electri- 
cal Properties  experiment  wrh  the  result  rhi*  th " loss  tangent  decreases  frem  I MHz  to 
?2  VPz  t!  vans.  1965) in h away  thnt  tile  >roJuc^  f tan*^  is approsim.ilclv  constant 
Tin-  r'cc’sc  IS  tcmrerjlun-  )ut  typi'ally  it  his  v.iliies  cf  .'Kou/'d  0.2  to 


CCNI  SIMMONS  ET  AX. 


PUOUINCY  (HbI 

Fit*  i • Attenuation  dittanoe  as  a function  of  IVrquency  from  lunar  samples  and  from 

remote  lunar  sensing. 

Straight  lines  show  theoretical  values  for  typical  dielectrics  which  have  a loss  tangent  which  is 

independent  of  frequency. 

(1)  Weaver  (1965)  - thermal  emission  and  radar  observatUms;  (2)  Tyler  (1968)  - bistatic  radar; 
(3)  Chung  erah  (1971)  - lunar  igneous  sample  12002;  (4)  Collett  and  Katsube(1971)  - lunar  brecua 
sample  1006S;  (5)  CoUett  and  K *sube  (1971)  - knar  fines  sample  100S4;  (6)  Gold  ct  al.  (I97U  - 

lunar  fines. 

O.S.  if  the  frequency,/,  is  given  in  M Hz.  This  effect  is  illustrated  schematically  in  Figure 
I : the  attenuation  depth  in  ice  is  essentially  frequency*independent  with  a value  of  a 
few  hundred  meters.  Ice  therefore,  is  not  an  optimum  analogue  for  what  we  expect  in 
the  lunar  case,  but  at  least  it  is  fairly  transparent  over  part  of  the  frequency  range. 


The  concept  of  the  SEP  experiment  it  illustrated  in  Figure  2*  An  electric  dipole  trans- 
mitter is  laid  on  the  surface  and  transmits  at  lix  frequencies  from  i MHz  to  32  MHz. 
Energy  is  propagated  in  three  ways;  (a)  above  the  surface  with  the  speed  of  light  in 
vacuum,  (b)  below  the  surface  along  the  interface  with  the  velocity  of  light  in  the 
medium  and  (c)  by  reflection  from  layering  or  other  inhomogencities  in  the  surface. 
These  various  waves  interfere  with  each  other  as  a function  of  position  along  iht 
surface.  Interference  between  the  surface  and  subsurface  wave  gives  a measure  of 


SURFAOF  (UiTMCAL  fmOPUTlES  CXrCIUMETJT 


2ol 


TABLE  I 

I^iclectik;  properties  of  lumu*  samples  ^nd  of  ioc 


RoeVs 

SoU 

10017  10OV5 

12002  12002 

lOOM  f2070  lot 

(MX  OT) 


Didcclrk 

1 MHz 

8.S 

7.3 

8.3 

7.8 

3.8 

3,0 

cu.'isunt 

to  MHz 

9.3 

7.3 

S.3 

8.8 

3.8 

3.0 

3,2 

30  MHz 

- 

- 

- 

- 

- 

- 

3Jt 

L 

1 MHz 

0.075 

0.063 

OO.M 

0,056 

0.0175 

0.025 

0.3 

uiioeot 

10  MHz 

0.021 

OjOI9 

0.0158 

0i>114 

0,0009 

0.0053 

0.03 

30  MHz 

- 

- 

- 

0.01 

, ....  — 

. 

— . 

- . - 

— 
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1%  2.  Sketch  Uh»tratini  opmtiaa  of  turfacr  dscirioil  pfopertka  cxpmncnt  and  vaHow  wi%ta 
ctpacted  to  be  traamned  throuth  and  above  lunar  wfaoe. 


diali'ctrie  oomUat  aocotdiag  to  the  formula  « « ( I -I- wlicre  iiiir  it  the  imerference 
fnquenqr.  The  rate  of  decay  of  the  intedenaoea  fives  a laeaaure  of  the  loaa  taqgeaL 
llaiaoefvviaaMNmtedoathe  Rover  aad  aoMuns  thr  field  Mraagih  as  a ftnetioBor 
laafeapthattheiaterfcwacefrequeacycaabciBcaiBWid.  la  additkm,  rdlectiofn  from 
lubaurface  featmea  caa  be  detected  as  they  iaterferewith  the  other  waves.  Traasaus- 
•iea  is  deae  aequeMiaOy  from  a pair  of  ocUotoaal  dipoha  aad  tiha  vaoaiver  ooansta  of 
three  oitbofooal  loops  to  measure  the  field  ftieafth  of  three  independent  coiBpoaeals. 

Detailed  descriptions  of  the  eaperiaKot  hardwBve  are  pbaaed  for  future  papen  eo  «c 
wiQ  five  ooly  a briet' demriptioa  of  the  hardw?  le  in  due  eectioo. 


(.r*  -simm<3  > FI  a: 


The  transmitter  fs  powered  by  s*  .ar  cells  .•  *i  ;in*  seqiicntinMv  a*  ' 1 ' H.  1 . 

16  and  32.1  MHr^  each  transmission  al  ca.'  'rcqucau>  from  one  antenna  1.*  ^ 

101.25  ni«.  The  pair  of  orthoponai  dipoles,  each  of  wbkh  is  70  m long  (lip-to-iip),  arc 
powered  alternately.  These  dipoles  are  ha!f>uavc  dipoles  at  2,  K 4,8.1, 16and32.l 
A pair  of  wires  is  used  for  rhe  expenment  and  a set  of  traps  and  sapressors  arr  built 
into  the  wires  such  that  the  transmitter  ‘secs’  a h;  Jf-wavc  resonant  dipole  al  cad*  of  the 
frequencies.  At  I MHz  the  antenna  is  not  a half-wave  dipole  hut  loading  :s  used  to 
compensate  this.  Precise  matching  of  the  antenna  imoedanoe  with  that  of  the  Moon  is 
difficult  because  of  our  igrorance  of  the  exact  value  of  the  diciecuic  constant  hut 
have  designed  the  antenna  for  a value  of  3.3  which  is  consistent  wHh  the  bistattc  radar 
results  of  Howard  and  Tyler  (1972).  On  the  ice,  the  antenna  can  be  adjusted  to  make  the 
antenna  optimum  at  each  frequency.  The  power  radiated  is  3.75  W at  I MHz  and 
2.0  W at  the  other  frequencies.  The  transmission  sequence  is  shown  in  Figure  3 and 
provides  about  10  samples  per  wavelength  per  component  at  2.1, 4,  8.1,  16  and  32.1 
MHz  aisd  20  sam|dcs  per  wavelength  per  component  at  1 MHz  at  a vehicle  speed  of 
8 km  h“\ 
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Fig.  3.  FomiAt:  two  tnjM  marked  OFF  are  used  to  monitor  the  hnckgrousd  csltmsl  nobc  at 
all  frequencies  aod  to  measure  the  iniensAl  notse.  The  frame  marhed|caJ.  i%  awd  for  synchrom/ing 
tramirittcr  and  receiver  and  to  record  the  micma]  temperature  of  the  receiver. 


The  fwerang  aotcona  ccMiMts  of  tira  ortlmtoiial  ooila  wUch  ait  11^^ 

Rover,  The  eaoepcioo  of  eedi  oott  tacttniaed  for  33  mt  and  in  aequenoe.  The  aigiiah 
ere  dcgioduiated  in  the  receiver  and  are  frequency-coded  by  a vohage  controlled 
oedllalor.  Thia  oecillator  opentea  over  the  frequency  range  of  300  to  3000  Hz,  cone- 
tpondfwg  to  tdyiuniic  nage  in  the  iaitniiiiait  of  -3S  dho  to  - I3S  dbm.  This  targe 
dynaaic  laage  allowi  accurate  field  ttrength  recoitlaig  over  a broad  diatance  range 
from  tlK  tnnamitter.  The  output  of  the  voltage.controUed  <Hcilbtor  is  recorded  on  a 
rBOOweeahle  tape  recorder.  WithaiatfansiniaionffciquencMa,twoalternate  tiansmitting 
antennas  and  three  receiving  antennas  we  record  a total  of  36  separate  pieces  of  iofor. 
matioiL 

In  the  lunar  syalem,  navigation  data  will  be  teoofded  in  two  difoeiu  wayi.  On  each 


wheel  theic  IS  a r ulse  jjcnrraicd  every  0.245  m,  \ *c  will  rcc4>rd  c*  .•!>  .second  liom 
two  spp.tratc  \s]  eels,  tor  r^rJnndancy  and  as  a check  on  whc^l  .hrp:4*c.  I !vs  m'Mns 
that  the  traverse  can  be  reconstructed  in  incrcment.s  of  abou»  0 5 in.  llicse  san  e wheel 
pulses  and  a gyro-stabilized  compass  provide  the  basic  input  to  the  Rover  ravipation 
computer  which  displays  range,  bearing,  heading,  and  distance  trasePed.  The  bca»'ing 
and  heading  arc  computed  in  incremc»^u  of  1 and  the  range  and  distance  travelled 
arc  computed  in  increments  of  KX;  mclrrs.  We  will  record  the  hcanng  every  time 
b changes  by  ± 1 (except  in  the  immediate  vianity  of  the  LIvf ) and  as  a redundant 
check  we  will  record  the  range  in  I(X)  m increments.  The  range  is  computed  u$in5 
the  third  slowest  wheel,  so  we  will  have  a separate  measure  of  the  wheel  slip  and 
an  internal  range  check  at  KX)  m increments.  Finally,  since  there  may  be  errors  that 
will  accumulate  in  both  the  range  and  bearing  measurements  w'c  will  use  the  known 
stop  points  to  correct  the  traverse.  Since  these  stops  arc  likely  to  be  m increments  of 
one  or  two  kilometers,  we  will  have  frequent  updates  to  our  traverse  map.  On  the 
basis  of  this  information  we  expect  to  be  able  to  reconstruct  the  traverse  to  an  accuracy 
of  about  1%  of  the  range  and  to  reconstruct  range  differences  over  a few  hundred 
meters  to  about  ! m or  better. 

For  the  glacier  tests,  we  have  used  a simple  odometer  circuit  connectcvi  to  one  of  the 
drive-wheels  which  generates  signals  every  1 .5  m.  These  signals  are  recorded  independ- 
ently on  the  tape  recorder.  These  pulses  have  been  used  to  determine  the  hori/ontai 
scale  so  that  all  the  data  discussed  in  this  report  have  been  plotted  as  field  strength 
versus  range. 

4.  IteireHcml  Wi>rk 

We  are  reporting  elsewhere  the  theory  behind  this  experiment  (Annan,  1972;  Cooper, 
1972%  Sinha,  1972a,  b.  c)  and  have  published  a paper  on  some  of  the  most  preliminary 
glacier  results,  (Rossitcr  e/ o/.,  1972).  We  will  not,  therefore,  leview  all  these  results  in 
the  present  paper.  Rather  we  will  only  summarize  a few  potnu  which  arc  pertinent  to 
the  data  analysis. 

The  transmitting  antennas  are  crossed  dipoles;  in  the  simplest  case  the  traverses  are 
run  broadside  to  one  dipole  and  off  the  end  of  the  other.  The  geometry  is  shown  in 
Figure  2 I'he  fields  H,  and  from ' Sc  broadside  antenna  are  both  maximum-coupled 
and  can  be  expected  to  show  the  iiiCerfemioe  pntterm  which  are  the  basis  of  the 
experiment.  Studies  of  the  antenna  patterns  for  these  components  show  that  the  power 
above  the  surface  is  comparabk  to  the  power  just  below  the  surface  so  that  significant 
interference  between  these  two  waves  can  be  expected.  In  Uu  case  of  the  coirjy^- 
nent  off  the  end  of  the  transmitter,  however,  power  is  transmitted  above  the  surface 
but  very  little  power  is  transmitted  just  below  the  surface.  There  is  little  interference,  so 
this  component  is  not  as  useful  for  determining  the  dielectric  constant  and  loss  tangent. 

The  other  components  { and  broadside  and  endfire)  are  minimum<oupled 
to  the  respective  traasnmters.  These  components  arc  consequently  useful  in  looking 
for  energy  scattered  by  cither  surface  irregularities  or  subsurface  inhomogeneities. 

The  radiation  pattern  of  a electric  field  dipole  at  the  interface  between  free  space  and 
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a seini-inrtnitc  diclecinc  nit-diuni  contains  a single  loSc  hroadside  o!'  ih.- ; lonn,! ; , 
two  lohes  cndfire  o(  tb^  ai.lwnna  a>  shown  by  Cooper  (1972)  The  broaJsi  i i.«i 
verse  Electric  (TE)  radiation  pattern  and  the  endfire  or  Transverse  Magrie'if  i ' ‘ 
radiation  pattern  are  illustrated  in  Figure  4 for  a dipole  over  ice.  The  dipole  o t >!n  ^ 
with  the  .V-axis  in  Cartesian  coordinates.  The  a.igic  between  the  vertical  and  ihr  '• 
of  the  lobe  is  given  by  sin  P*=^/(eo/e,)  where  tj,  is  the  dielectric  constant  of  free  sp  ■.  • 
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Fir  4.  Radiation  patteni  ot  honionul  eiacthc  dipole  over  ict.  The  dipole  extaadt  aioog  the  .(-axis. 


and  Cl  it  the  dielectric  constant  of  the  medium.  In  the  cate  of  ice  where  the  ratio  tu 
it  jiven  by  1/3.2  this  angle  is  about  34*.  The  energy  radiated  downwards  into  the 
medium  does  not  appear  at  the  surface  unless  there  it  a reflecting  horuon  at  depth. 
The  presemw  of  a horuonul  reflector  at  depth  deauset  energy  to  appear  at  the  surface 
at  a distaace  r»2duo  /I.  For  ice  the  depth  to  a reflector  is  given  as  d«0.S  r.  In  princi* 
pie  it  it  therefore  po*tibie  to  determine  the  dielectric  constent  end  the  loss  ungeni 
from  the  neer-fleli  interferences  of  the  H,  and  H,  components  from  the  broadside 
antenna.  Reflections  can  he  studied  by  the  and  H,  components  from  the  hruadside 
antenna  and  by  the  component  from  the  cndfire  antenna. 

5.  Alhahasra  Glacier  Data 

.Most  of  our  work  to  dau  has  been  concentrated  on  the  Athabasca  glacier  in  west  or  r 
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Canada  (Figure  Sa).  It  is  a welFstudied  glacier  and  is  very  arseasibie.  Previous  studies 
baaed  on  gravity  (Kaiusewich,  1963),  seismoiog>-  and  drilling  (Patersoii  and  Savage, 
1963),  and  electricai  sounding  (Keller  and  Frischknecht.  1961)  have  been  made  and  a 
map  of  approximate  ice  thickness  is  shown  in  Figure  Sb.  We  have  reported  on  earlier 
preliminary  results  (Rossilc'  etat.,  1972)  and  in  this  paper  restrict  ourselves  to  one  set 
of  data  taken  in  the  summer  of  1971  with  the  evaluation  modri  of  the  flight  equipment 
which  was  described  in  this  report.  The  proAle  discussed  is  shown  in  Figure  Sb  and  is 
marked  by  the  transmitter  at  the  southern  end.  The  ice  thickness  is  approximately 


Fit*-  5a*b.  <s>  Loes'loa  map  of  iht  Aihsbuca  abcitr.  (bi  Skstch  mkp  of  Iha  Alhaoaica  t/aatr. 
showina  the  locsiion  of  the  praQIc  dHomad  in  ihn  report.  Ceoiours  arc  the  geasnliMd  thiitnrara 
as  determiood  ham  pfcvmus  dnSing  and  ickmic  ttadiaB. 
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300  m.  The  line  was  run  from  north  to  south  and  then  repeated  south  to  noilh  t:. 
identical  results. 

The  field  strength  data  for  all  components  at  4 MHz  arc  shown  in  Figure  <S  plorci. 
as  a logarithm  of  the  power  versus  the  distance  in  wavelengths.  The  length  of  !’r.  ‘m 
verse  was  about  seven  wavelengths.  Of  particular  interest  and  typical  of  all  ot;r  uv  » 
at  4,  2 and  1 MHz  is  the  fact  that  H,  and  from  the  broadside  antenna  and 
from  iLe  endfire  antenna  arc  large  and  fairly  smoothey  varying  functions.  In  part  It  la: 
the  endfire  component  is  quite  smooth  showing  no  surface  and  subNurt.iwc 
vavc  interference.  H,  broadside,  however,  shows  sharp  nulls  A about  1-4/,  '’-W 
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Fig.  6.  Complete  set  of  data  at  4 MHz  showing  H#,  H#  and  Hi  from  both  the  F-W 
and  the  N-S (endfire) antenna,  (a)  E-W  transmitter,  H#;  (b)  E-W  transmitter^  H<k;  (r)  E-V/  trunsji  » 
H«:  (d)  N«S  transmitter,  H.%  (e)  transmitter;  (f)  N-S  transmitter,  H,. 
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and  3-JA  These  nulls  arc  the  interferences  generated  from  (he  surface  and  sub- 
surface waves  as  shown  in  F*![»urc7.  Usinpthe4  MH/ data, coniparisun  with  theoretical 
curves  leads  to  a dielectric  constant  of  about  3 3 and  a loss  tangent  of  0 10 

Evidence  in  this  particular  subset  of  the  data  for  reflected  energy  is  not  vc:>  strong 
but  the  simple  curve  is  clearly  disturbed  at  a distance  of  about  5 waveicngihs  from  the 
source.  W e have  compared  this  curve  to  a vnTicty  of  theoretical  curv'cs  :i!id  it  appears 
that  a depth  of  about  3.5  wavelengths  for  a reflector  is  indicated  as  shown  m f igure  7b. 
This  fact  suggests  a depth  to  the  bottom  of  the  ice  of  around  265  m This  depth  is  some- 
what less  than  the  predicted  depth  of  about  300  m but  the  agreement  is  relato  cly  good 
and  It  is  possible  that  the  ice  thickness  varies  locally. 

The  other  components  are  generally  weaker  and  show  very  little  chaiacicr  I his 
relation  is  to  be  expected  for  the  minimum-coupled  comt^ncnls  and  sug^tests  that 
scattering  at  4MHz  (75  m)  is  minimal.  At  higher  frequencies  scattering  Incomes  more 
significanf  and  at  32  MH?  and  at  lb  MHz  the  mam  structure  is  that  due  to  scaiicrinp 
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r\j4s.  7a  h Hi  cnmponf?!!  ir^  rn  \ W .inicnna.  (a)  ihroreiual  curses  shcmmif  cllect  o(  varvmg  depth 
to  the  nrfltx-tur  a.io  !ra  comiant  with  a L 'lnsiant  lt>M  laniRnt  oft)  10  licid  Jma  umt  iheorrti- 
( j1  curves  showing  vi|  v.n^ing  loss  Uf<gcnl  and  diclccinc  constanl  for  a consi.ml  depth  ^ S 

wavelengths. 
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Fig.  7b. 


In  Figure  8 a set  of  data  for  all  three  components  from  the  E-W  transmitting  antenna  al 
16  MHz  is  shown.  The  features  to  note  in  this  plot  arc  twofold  Firsts  all  component'^ 
arc  about  equal  suggesting  that  as  much  energy  is  sciUterc<i  into  the  minimum-coupled 
component  as  is  present  in  the  maximum*coupled  and  H,  components.  Second 
IS  the  erratic  behaviour  of  the  field  components,  which  show  a wide  range  of  rapid 
variations  on  a scale  that  is  smaller  than  a wavelength.  We  conclude  therefore  tha: 
scattering  is  a dominant  process  at  16  MHz,  important  at  8 MHz  and  relatively  unim 
portant  at  4 MHz.  This  observation  suggests  that  the  size  of  scatteiers  is  typically 
about  equal  to  the  wavelength  at  8 MHz  which  is  about  35  m. 

This  result  seems  reasonable  because  this  valley  glacier  is  heavily  crevassed  and  the 
typical  size  for  the  vertical  and  lateral  extent  of  crevasses  could  be  typically  30  m. 
These  results  are  comparable  to  those  of  Gudinandsen  and  Christensen  (1968)  who 
had  tiouble  doing  airborne  radio  sounding  at  35  MHz  over  valley  glaciers  in  West 
Greenland.  They  attribute  at  least  part  of  their  difficulties  to  the  presence  of  crevasses  m 
the  valley  glaciers. 

(k  Conchnlotts 

The  radio  frequency  interference  technique  developed  for  the  Apollo  lunar  program 
wilt  be  useful  for  measuring  the  dielectric  constant  and  loss  tangent  of  the  upper  layers 
of  (he  moon  in  the  frequency  range  from  1 MHz  to  32  MH/.  It  will  also  l>c  useful  fo; 
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Fif.  8.  Typical  set  of  dau  uken  at  16  MHz  to  illuMrate  tcattarinf  affect  of  ilacier.  All  components 
Ht,  and  H*  from  the  E-W  transmitter  are  about  equal. 
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detecting  layering  in  the  range  from  a few  tens  of  m urrs  to  a few  kilometers  depend i;.g 
on  the  nature  of  the  layers  and  of  the  electrical  pi  >pcrties.  in  addition,  it  is  Iikciy  to 
yield  information  on  the  presence  of  scattering  bodies.  This  experiment  has  been 
tested  on  the  Athabasca  glacier.  Here  it  was  possible  to  measure  the  dielectric 
constant  of  ice  as  3 J and  the  loss  ungent  at  4 MHz  as  0.10  givin^^,  a value  of  0.4  for 
/*  tan  S.  The  depth  of  the  ice  was  estioated  to  be  about  265  m,  a value  in  rough  agree* 
ment  with  other  determinations. 
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RADIO  INTERFEROMETRY  DEPTH  SOUNDING: 
PART  I— THEORETICAL  DISCUSSIONS 
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Railio  intrrfcronu’try  a tfchnit|iu*  for  mra 
>iirin;:  in  -itu  cUrtrical  propcrtir^  ami  for  ilctcct- 
iiiK  -subsurlaci'  cluin^rs  in  clrctrical  propiTlic.s  ol 
m’oloKic  \'ith  vrr\  low  lUctrlral  comluc- 

t'vity.  Icc-ci'vrrrd  Irrri'^ trial  rrg;on>  ami  tlu- 
lunar  surface  are  typical  environments  where  thi^ 
method  can  l)e  .ipplied.  d'he  field  >treimths  about 
a transmitting  antenna  plao'il  on  tiu  Nurface  of 
«nch  an  environment  exhibit  interference  maxima 
and  minima  which  are  cfiaracteristic  of  the  sub- 
>iirface  electrical  propi  rties. 

'I'his  paper  (I’arl  I)  examines  the  theoretical 
wave  nature  of  the  electromagnetic  fields  about 
various  !>(n  s ol  flipoU*  sources  placed  on  (lu*  sur 
lace  ol  a K»\\  loss  dielectric  hall-space  ami  two 

IMKOlMfC  TION 

'I'he  stimulus  lor  this  work  was  ihe  intere  t in 
the  measurement  ol  lunar  eleetrical  properties  in 
situ  and  the  detection  of  subsurface  layrrinj^,  il 
any,  by  (‘hetroma^iu tic  meihoils.  I'ulike  most 
regions  of  the  larth’s  surface,  which  are  conduc 
tive  largels  due  to  the  presence  of  water,  the  lunar 
surface  is  believnl  to  be  verv  dry  and,  therefore, 
to  have  a very  low  electrical  comluctivity  fStrang* 
wav,  Ward  and  Dey,  I *>71).  Kxtensive  ex 

pcrimcntal  work  on  the  electrical  properties  of 
dry  geologic  materials  by  Saint  Amant  and 
Strangway  (1970)  indicates  that  the>c  materials 
are  low-loss  dielectrics  having  dielectric  constants 
in  the  range  3 to  15  and  loss  langcfits  considerably 
less  than  1,  in  the  Mhz  frequency  range,  .\nalysis 
of  the  electrical  properties  of  lunar  samples  by 
Katsubc  and  Collett  (1971)  indicates  that  the 


lavi  r earlii  Apj)ri'\iniati-  < \pi  ( , i.  *i  i ! r I'u  !.  i- 

liavr  l)r(‘ii  foMnd  l*oth  n<«i  lo.t’  ir."d'  .m  >’\ 

and  thr  sa  Idh-  pviinl  nu  iItmI  «•;  mi i-giali'Mi  I h- 
solutions  \uM  a numbrt  oi  ii,ip<irt.ini  n-sult.,  i,ir 
the  radio  in‘(  rfrronu  trv  <h  pi h--ouniling  nivthod 
'I'he  half  -p;  ce  sniutiops  -hi>\\  ih.il  tin-  inlirl.ur 
modilies  t!u^  directionalil \ ^<t  the  anlrnn.i  In 
aiMition,  a re‘/nl-ir  int»Tler*-m  i*  pattern  pr*  '<  m1 
Ml  tile  surlace  fields  about  1*'  ■ oiirtc.  'I’lu  •itr.. 
<lucti(m  of  a subsurlau  1m»mi<!  ir\  i-( 

surface  held''  with  Ihe  iiilerler<  lue  pa'It  rtt  sh<»\« 
ing  a w ide  range  «»t  possible  hi  hav  u^s  'I’Im  >e  I hi 
oretical  results  provide  a )»;isis  Im  iul  i rpr<  I mg 
the  experimental  nsulis  chscrilud  in  Tail  II 


lunar  surlace  mati  rial  has  suiiilar  ele<  triea!  |»rnp 
erties. 

Since  eh'Clronuigiuiit  rnetlmds  inmimmlv  u a d 
in  geophysics  are  d(  signed  tor  c«*mhhliv<  tailh 
probh'ins,  a method  ol  depth  soumling  in  a dom 
inuMilv  dielectric  e^irlii  j>resent(‘d  a very  dilTen  nl 
problem.  ( )ne  petssible*  niethoel  of  d«l'Clm;  ihe 
presence  of  a boundary  at  depth  in  a diele-elrie 
the-  radio  intcrferonietrv  teclmiejin-,  lirsi  siigge*sled 
by  Stern  in  1927  (rt'pe)rle'd  by  KvaiiN,  I9M)  a 
metln>d  to  measure  the  thickm-^s  ol  glaciers  The 
only  reporit'd  aj>plication  of  ihe  lu*hni<(Ue  1^  tin- 
w'ork  of  Kl-Said  < 1956),  wln>  aUe-mjite  d \o  soumj 
the  depth  of  the  water  table  in  the  Kg>plian  des 
ert.  Although  he-  successfully  measureel  some  in- 
terference maxima  ami  minima,  his  method  of 
inteTpretalioM  of  tin*  data  is  e>pen  te>  i|Ue‘^tie»n  in 
lighted  the  pr4*st>nt  work. 


+ Presemeel  at  the  Anmiat  SK(i  InU'rnationa)  Meeting,  Se|)Uinl»e*t  IS.  1%6  Mamisrripl  ie<nve-d  l>\  ilu- 
I’.'litt'r  A|>ril  6,  t‘^T2;  reviseei  manuscript  n-eeivee*  Seple-ml-er  22,  l’C2 

* I niversitv  <*f  'I'utontn,  Toronto  tSt,  Ontatlo,  ( ‘anad  < 

''r  p)7.t  Soiietv  n)  Kxploration  ( leophv  sicists.  All  ngh'  re^«r\»'d 
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The  radio  interferometry  technique  is  concep- 
tually quite  simple.  Tlie  essential  leatures  of  tlie 
method  are  illustrated  in  I’ii^ure  1.  .\  radio-fre- 
quency source  placed  on  the  surfata*  <»f  a dieh  ctric 
earth  radiates  energy  both  into  the  air  (or  fre** 
space)  above  the  earth  and  downward  i.ito  the 
earth.  Any  subsurface  c«-ntr.ist  in  electrical  prof)- 
ertics  at  depth  will  result  in  >ome  energy  biding 
reflected  back  to  the  surfac<\  As  a nsiilt,  there 
will  be  interference  maxima  and  minima  in  the 
field  strengths  about  the  source  due  to  waves 
traveling  different  paths.  The  spatial  positions  of 
the  maxima  and  minii-ia  are  characItTistic  of  the 


ehTtiital  f)ropirties  *>f  the  tarth  ; nd  can  l)c  us<d 
U'.  a itiethod  t>f  inferring  tlu-  ehrtiieai 

properties  at  deptli. 

'I’he  pro!)li-m  chosen  tor  *•  tudv  in  tin  t Ik  orel u al 
work  was  Unit  of  tin  wave  nature  n|  tin  fU-Ms 
about  vari«)Us  point-dipole  M>uret  ■ placed  on  Un- 
surface  </f  a two-layer  earth.  I lie  in.ithematical 
solution  to  this  t\pe  4),‘  Pound. iry  value  firoblem 
i^  lound  in  nuinerotH  r«  lereticeN,  d'ln*  general 
problem  of  eli’CtroinagivUc  wave'  in  slratihed 
media  is  exletisivi’l)’  owa-red  b\  W.nt  (IP7M), 
Hrekliovskikh  (IPPH),  lUnMen  (IPOl),  N'oftoti 
and  Ott  (1941,  UM.U.  AlUnnigh  tin-  soln 


Transmitter  Receiver 


Fio,  1.  (a)  Transmitter- receiver  configuration  for  radio  Interferometry,  showing  a direct  wave  anti  a redertetl 
wave,  (h)  Schematic  sketch  of  typical  field-strength  maxima  and  mimnia  us  the  iransn,iiter  receiver  sc-j..»raiit»n 

increases. 
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tion  to  the  boundary-value  problem  can  be  found 
analytically,  the  integral  expression^  for  fields 
cannot  be  evaluated  exactly.  In  the  radiation 
zone,  approximate  solutions  io  the  integrals  can 
be  obtained  b>  use  ol  the  theory  of  Cfunplex  vari- 
ables an  l special  metluxK  ot  contour  integration. 
The  preceding  relerema*'-,  plu^  nufuerous  others, 
discuss  these  teclinnjues  in  detail.  Since  much  of 
the  detailed  work  in  the  mathematical  di  velop- 
ment  <)f  Muse  solution  is  contained  in  the  above 
references,  the  diseussion  ol  the  solutions  that  tol- 
\K'\y  will  be  pnmaril)  ainu'd  at  the  radio  iiUer- 
:cren\t'tr\  appheatitm  rather  than  the  mathemati- 
cal nunipnl.it ions  retjiiired  to  obtain  ilienu 

THKOKMU  Al.  HOUNHAR V-VALITF  |>K(IHLt-M 

Although  tiu*  v.irious solulionsof  the  luuindary- 
valuc  problem  li»r  liori/.onttd  and  vertical  electric 
and  magnetic  <hpole  soiircis  over  a two  lav vr 
eartii  appt.ir  in  tlie  litiraturi',  a complete  and 
consistent  labiililion  of  the  solutions  <!oes  not. 
Theiefore,  the  boumlarv -value  prolilem  is  «>ut- 
lined  here,  and  a unitieil  notation  is  used  to  ex- 
f^ress  the  solutions  'This  eonsistent  notation  is  of 
considerable  help  m later  iliseiissioris  o^  M»e  solu- 
tions. 


The  geometry  and  coordinate  systems  usi<l  in 
the  boundary- value  j)roblem  are  shown  in  Figure 
2.  A point  dipole  source  is  located  at  a height  h 
on  the  c-axis  above  a two  layer  earth,  where  the 
eartids  surface  is  in  the  » y f>iane  at  z • (),  atul  the 
subsurlaee  boundary  is  at  —d.  'I’he  region 
5>0  is  taken  as  air  or  free  spare,  'rhe  region 
— ^/<2<()  is  a low-loss  dielcrtrii*  slalj,  ami  tin- 
region  z < — </  is  a half-space  arbilrar  \ elec  I ru  al 
properties.  'Fhese  regions  are  denoted  0,  I,  and  2, 
rcspec  tivily.  A',  and  A/*  are  the  coinph  x <lie|eclri(' 
constani  and  relative  perineal.;  ol  each  region, 
respectively.  For  consideration  c»f  virtical  ihpole 
sources,  tlie  dipole  moments  are  takt  n aligned 
with  the  z axis;  for  the  hori/ontal  <ltpole  -ource-, 
the  (lij)ole  tnonu  rils  are  taken  aligned  ]>arallel  to 
the  .I'-axis. 

d he  sululions  are  most  convenient!)  written 
and  discussed  using  the  ehclric  aiul  magnetic 
Hertz  vector  potential  notation.  On  the  assump- 
tion of  a lime  dependence  c and  linear  const i 
tulive  ecpialions  in  Maxwell’s  e(|uations,  one  ol)- 
tains  the  following  expressions  lor  the  electric  anil 
magnetic  fields  in  terms  of  the  Ilerl/  vectors.  For 
electric  dipole  sources,  the  electric  Hertz  vector 
satisfies  the  Helmholtz  eijuation, 


Z 


Fig  2 rieumetry  of  the  iMiundury  value  problem  for  a two  layer  earth,  showing  notation  used. 
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P 

vm  + . (1) 

A *0 

witli  tlu'  dfctric  at)(l  muKni’tir  fir!<is  (Irfinril  by 

E ^ km  -f  rv  II,  (2) 

an<i 

H ~ /wAeoT  X II  (.^) 


T!iij»  c!ioic(‘  of  hciiliij>(  parainvlrr  makes  all  liu* 
following  integral  solutn>iiN  •limeiiNionlr^s 

As  shown  by  SommrrUlH  for  a half 

spjue  rarih,  and  exUrndul  to  .«  mult ilayrred  rjirlli 
by  W.tU  ( IV7U),  the  Her!/  virtois  for  the  v<‘rli<  ai 
ihpoir  Miurees  have  onl\  act  ompoiu  fit,  vs luh*  lor 
the  honzontiil  tlipoh-  sourtts,  the  llcrt/  vectors 
have  both  \ ami  z laHiipomiits  'I’lir  vrrtital  <h 
p()U*  s«»urt.rs  have  solutions  nl  the  lonn 


where  k is  the  propagation  couNt.u't.  o)\ 
and  eotMo  denote  thi‘  permittivilv  and  permeabil- 
ity of  free  space  tltrou^hout.  P is  the  electric  tli 
pole  moment  density  tlistribution  Similarly,  for 
ma>'netie  dipole  sources,  the  results  for  the  maj? 
netic  Herl/  veetttr  are 


aiui 


P - 4iT€u;i(A)e,, 


M - 


(») 


II  - 


2r 


(*>) 


II  ( 

11/  - 


+ /i'-ii  = - M.  (4) 

H = -H  rT  II,  (5) 

E = iu>Mn„V  X II,  (6) 


wluTc  M K till'  m;i>;m‘lic  dipole  moment  dcn>ity 
diKtribiitiou. 

rile  cl', pole  ^o^lr^^•^  are  taken  as  ■'unit”  point 
dipole  sciiines  loealeil  in  the  reuion  s>0.  Th  • 
elei'lrie  dipole  inomeiil  density  distnimtion  i.s 


1 r ‘ \ 

"t"  f l/ol  Ml'  ^ '//yl  \/lp/\.  (10' 

2l\  J ^ 

I r ' \ . 

11/  = I p;,(Me''^  I i»  (A)e  ''•''I 
JirJ  « /’„ 


(•  Ap)./X,  (II) 


and 


11/  - 


1 


211 


A 

I ih 
J . /*M 


(12) 


(7) 


where  is  a uitit  vector  in  the  s-direaion  for 
a vertical  eleitrie  tlipole  source  and  in  the 
V tlireetion  tor  the  horizontal  dip»»le  s.iuree  HiR) 
is  tile  three-tlimensional  delta  function,  ami 
A = 1 v‘H  V'-f- (s — Similarl)  for  the  mag- 

netic dipole  sources, 


In  the  Itillowinj;  discussions,  no  distinction  be 
tween  the  electric  anil  magnet i*’  Hertz  \eclors  is 
made.  When  wi*  refer  to  electric  dipole  sources, 
the  electric  Hertz  vector  is  implied;  h>  majjnetic 
ili|Hile  sources,  the  majtnelic  lltTtz  vector  is  im 
plied.  In  addition,  the  free  space  wavelength  is 
taken  as  tlie  scaling  parameter  for  all  length  mea- 
surements hi  other  words,  a distance,  denoted  p, 
is  Ml  tree  space  wavelengths,  and  the  true  length 
Is  It  p,  wiiiTt'  ir  is  the  tree  space  wavelength: 


X is  the  siparation  constant  o)  tin  (h'ferent i.d 
eituation,  and  f>,  - (X-  - ij)‘  \ with  the  - ign  n!  thi’ 
root  being  eiioscn  >nc!i  that  the  sniufion  s.itisiies 
the  radiation  londition  In  tlie  above  form,  aiti  r 
sealing  b\  IT,  X is  a dimensionless  paranu  ter,  and 
kj~  • Is  the  relative  propagation  ton 

stant  of  each  region  riie  are  ’.mknown  tune 
lions  of  X which  are  found  by  salisfving  the 
boundary  eomhlions  that  tangential  £ and  H be 
continuous  at  z *0  ami  3*  -d. 

For  liorizontal  dipole  sources,  the  '.ohiti  oi'^  lor 
the  Hertz  vector  lake  the  lorni 
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UR 
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I /*  * X 

•f  I u\)f  '■•'^'*7/,!(Xp),/A, 

2\\  J , /’„ 


and 
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tur  ri‘i:ion  0; 

1 r ^ \ 

II*  = I ''<>'1 

-’ll 

, (151 

and 

II'  = I -f  « .(\)c 

' -’ll  j . /V 

, (Ui) 


tor  ri‘mun  1 . and 


i urri  ''|)oni U lu  -» 1 1 iiii'  )n»i!i  and  o rijual  lu  U in 
llu  prrivdmf.'  c\jir<  s-imiv  Pfr  ilj4-  lirrt/  vector-. 
In  tin  lullovunL*  di  ctiNNiun-,  n i>  alw.i  \ s(  i etju.il 
to  n,  and,  ill  nn>'t  iii'«1.iim  i-- , i |.  t<*  he 

dc'’'!'  to  l>  I'in-  ‘oliilmn-  .jr<  disMi^M-d  in  tun 
partN;  tie  halt  ^p.u  e u*utlnn>^  .md  In  twn  laser 
ftlrth  The  half  -^pau  M(iulin”s  int  the 

I lert/  \ i‘i  Inr-  ari  nMaim  d h\  xi  It i ii;'  A , A . .ind 
l/i  .\f ^ in  i \\>v\  -an;;,  ilCj  llircaii'M  'j  'n 

Indt  -pa(  ( suliil  hMi  it|  c <*n  nN-rahh  ilit<  re  { ,imr 
tin-  (ielils  afjni;!  thr  sjuuc-  dmu  tnliriiicine 
maxima  and  mmim.i  \\itliniil  a Mih^url.Ke  re 
llectnr  present  It  also  pri*\idis  a base  Ie\e!  lor 
<U'le('tinn  n!  nllution^  frnni  dentil 


II, 


and 


t /• ' 

X 

- 1 

/l:,IX) 

XOOKOXIMAII  SOirilONS 

-’ll  J » 

(17) 

sfhin  i.nth 

rile  soil!  I ion  ot  till-  hall  ^p.u  e pmMi  nns  i ri  at  ed 
l»\  numerous  ,uitln»rs,  and  tin  waxi  nai.ireo!  the 
fields  Is  Writ  dell  in  d.  In  tin  lolLux  iiu;  dto  tl-.sions. 

< Os  0 r 

- 

t lit-  n Mill  s oM  M 1 ' PH  1 ' and  ltr«  kln*v  sLikh  ' l')h(M 

’ll  J 

1 ;(X) 

. /’„ 

( tS) 

are  follow  ed  1 jU’te  do  d \ , am!  delaih  i|  disi  usstoiis 
«•!  variou*  a>pn  i-  nt  the  sohil  ion  s < an  be  Inn  ml  in 

''•■7/l(Xpi./X 

llu'se  leleienn  ' I In  w.ixe  natiir'-  ol  the  lidds 
about  the  -oiiiie  is  illiisiralid  .0  l-'ii'iin-  a Tin- 

1 he  parameters  A am'  /*  an*  the  s.imi'  as  tor  tlie 
vertical  difjole  S4)liil  mie  , and  the  e ue'tli  tents  /i/A  ) 
and  i/\*  are  hmnd  n\  salisisint^  tin  condition 
that  tanumnti.il  E amt  !f  he  inntiiuions  at  the 
boundaries 

The  boundarx  onid’lioiis  Inr  tin-  Hertz  victors 
and  the  Ti-sultini:  e\pr«  ssioos  tor  a/Xi,  njAb  and 
t are  iabulati-»|  in  A^tpemlix  \ Tin  expres 
sions  for  J/A),  /'pAi,  .iml  f Jire  uritten  in  terms 
o|  tiu-  7’/'.'  ami  /’ t/  I-rtsnel  plane  NNave  rallecTion 
and  transmission  i <'elbi  unis.  I’siim  this  not.it  uni, 
tiu- similaritx  ot  al!  l!u  sniui urns  is  c!i-arl\  empha 
M/cd  and  makes  ^juur.d  disxussion  ot  the  solu 
turns  possibli-  rather  tlian  dealltut  \sith  each  sonn  e 
separately 

In  discussiiu;  the  a|»pro\imaU-  evaluation  of  tiu- 
abovi  inlt  i.;ral  i-xfiressioiw,  extensive  use  is  made 
of  tlie  tiKiiu*  wave  spectrum  concept,  since  tiu 
wave  nature  ot  t'ne  problem  is  most  elearls  umlir 
stood  Usini;  this  approadt.  A brii  f outline  ol  the 
t>lam  xxavi'  spettrum  notation  m^ed  and  a|>proxi 
mate  evaluation  of  integrals  by  llu-  sadrlh-  potnl 
method  is  i?iven  in  .Appemlix  H. 

I-‘or  radio  interferonu-trx  a|»plicatio»'.  , the 
tields  at  the  earth's  surface  for  the  source  filared 
at  the  earth's  surface  an-  of  primary  interest,  this 


\\  a vel  font  s dem  »|  ! | and  />’  at  i-  - pin  i n ,d  naves 

111  llu  .ur  and  i.iitii  riuioiis.  u.ixe  ( in  tin  air  is 
an  inlioinom  m-ous  u,tx am!  u.im  D i,.  t he  » ai'th 
!ms  numerous  luou'.  tin  mot  loinmon  bnii;’ 
head,  dank,  m Literal  nave.  Wax  es  ( ' and  /)  < xisl 
oiilx  in  a liimtid  spatial  n;;ion,  wlmdi  t.  delitn-d 
as  diose  points  xxhosc  position  \i-tlors  make  .m 
ati)^Ie  ereatei  tii.iiw*'^  vMlli  tin  2 avs  Thean|.dt  a' 
is  related  to  the  < riln  .il  .iiu'h  of  tin-  hoiimlarx  .ind 
is  delined  in  Xptiendix  H 

Ml  till-  dipole  sources  .•xliibit  the  ‘atm  wave 
nature  To  deiiioiisirati  lioxv  du*  w.ivis  are  d< 
rived  trom  Mu-  mlei»ral  expressions,  the  vert  teal 
majr.iitic  d'poU-  smiree  is  nsi  d tor  illus» rat ii*n  In 
the  air,  tiu-  Hertz,  vector  u i»iven  bx' 
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(I  r i/Kit 

11/  f 
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j'  sin  W,.A'„| 


I IV) 


, *.//-(/.„p  sin 

;inil  ill  llii'  r.ir'Ii  li\ 
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1 1^  ■■  , II  d if  lo'^i 


ik^ 

^11  Z,  (20) 
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V\W  Wa\rfmnts  iiiNUit  ;i  <Ii)niU‘  v>urr<r  <m  the  surface  of  u half  s|uire  nirlh  .1  amt  ti  are  s|iheti4.il  wave 
in  the  air  and  earth,  re>fH*cttve)\ . v%.i\e  C is  an  inhomo^entsm^  wave  in  air,  and  />  k the  heut  ^avi  m the  earth 


With  thr  aid  of  the  ll.inkri  transform  identity 
iSomnuTMil, 


= I sin 
IITf  2MV, 


and  the  ’’•'lation  1 for  the  Fresnel  eoefTi- 

cients,  etjuation  (!'>)  becomes 


ikis 

2ir 


J*  sin 


i22) 


,,o„  / ' #/’  I 


I’sim;  tlie  saddle  point  methi»d  as  diseiissetl  in 
\ptK*miix  H,  the  appM>ximate  solutions  *>('  the 
integral  expressions  (2tb  and  (22)  art 


« I « 


IktK 


(7‘irt(a)  + u»l  aTuda)) 


(i.n 


and 


11/ 


n R 


1 7 ifl(n) 


(24) 


2kiR 


[7*|(do)  4^  » ot  o /'i«(o)]|* 


where  = and  or-  tan  ' p |/l.  Fx 

pressions  (2.^)  am!  (24j  correspond  t<»  the  spheri 
cal  waves  .4  and  li  in  Fi^nre  ^ The  bracketed 
terms  on  the  ri«ht  ma>  be  interpreted  as  ibe 
modificatioii  to  the  ilirectionaiits  t*l  the  simm* 
due  to  ihe  presence  of  th«*  iHmmt.ir)  . 

'Khe  waves  ('  uiul  t)  are  i»emTaltd  by  crossing; 
the  branch  |M»ints  <»f  Ttw  and  l\u  t*»  “btain  the 
saHdte-t»oint  solutions  (24)  anil  '24)  lor  an^rles 
a>ni'‘.  As  outlined  in  At>pt‘m)ix  /T  th«‘  contribii 
tion  of  the  bramh  poitit  can  be  apprti\imalel\ 
evalualeil  b,  Ihe  mi  lluMl  ot  sl«‘ep«  si  desn  iit  a> 
limK  <«  not  close  l<»  the  branch  fMiint.  Tor 
tt>u^  the  exfiressions 
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muM  bi*  ad(U(i  to  {2^)  and  (24)  in  on|«‘r  that  tin* 
solution^  be  correct.  Kx|»re»ion  (25)  i>  readily 
identified  as  the  inhoniujrrneous  >Nave  C,  and  (2<») 
corresponds  to  the  lateral  wave  />. 

The  asvmptoiic  'Milutions  have  the  ft>rm  of  the 
geometrical  optics  s(>.ution  plus  >econd*order  c«»r 
rection  terms.  I'or  a perfectly  dielectric  earth, 
expressions  ^24)  an<l  (26)  hecinne  infinite  as  a 
approaches  o' . 'I’he  singular  behavior  arises  from 
the  second  order  terms  which  <l<pend  on  the 
derivatives  i)f  7’mi(^i).  'fhe  lirsl-ordiT  term  which 
i"  the  geometrical  optics  solution  remains 
luiunded.  In  this  particular  case,  tlie  an>;Ie 
is  the  critical  angle  of  T\o^$i).  As  a result,  / e sad- 
ille  point  and  branch  p«»int  c<iincidc  at  ami 

tlie  appritximat(‘  meth<Ml>  used  to  evuluatt  the 
integrals  are  longer  valhl.  'I'he  conical  surface 
about  tlie  s-axis,  defined  hy  a “a*",  is  the  region 
where  the  lateral  and  spherical  waves  merge  to 
get  tier  In  this  regi«m  the  two  wavex  cannot  he 
considered  separatel\ ; the*  eoinhimi!  effect  of  the 
saddle  point  and  branch  lint  must  In*  evaluated. 
Detailed  analysis  ol  this  region  lor  integrals  sim 
ilar  to  expression  (20)  is  given  hy  Hrekhovskikh 
(lbf*0),  will*  obtains  an  asymptotic  solution  with 
the  geometrical  optics  solution,  as  the  leading 
term  plus  a connection  term  which  tails  off  as 
instead  of  (kik)  * This  result  indicates 
that  tlie  gentnetrical  optics  solution  still  describes 
the  fields  ade(|uateiy  fora  when  ikik) 

I’he  ct>rreclion  terms  given  in  (24)  and  (2b),  how- 
ever, are  not  valid  whena  is  close  too''. 

rhe  fields  at  the  earth’s  surface  are  of  primary 
inteiest  and  are  obtainetl  l>\  setting  s»0  and 
«»«ir  2 in  i2.<),  i24),  (25),  and  tin).  'I'he  solutions 
given  are  valid  for  this  region  provided  the  con 
tra^*!  in  material  pri)|H-rties  is  not  extremely  large. 
In  the  case  of  large  cimtrasts,  as  occur  in  conduc 
tive  earth  problems,  the  transmission  and  rellet 
tmn  coefficients  ha\e  a |>*ne  near  2.  'I  lie 

pole  is  liM  aled  at  ^ r—R/f,  where R/*  is  the  Hrew 
stir  angle  I he  r<de  i»i  thi^  |M>le  in  radio  wave 
propagatiun  o\er  a iimtlm  tive  earth  has  iM-en  tin 
suhiiit  .1  Iremitidous  .oivnmt  ol  discussio** 
- :'i  SiMuirnrhlil  PH)0,  loptj  ei|Uatnl  tlu  con 
»»  l>uM'>n  till  ^ pole  to  ;t|e  /efinu  k '.url.ice  w.ut 
\unu‘foe  piople  \ortoM,  PH<,  (pt,  \’,in 


diT  Waerden,  l‘>51,  llrek)io\  >kikh,  PWiP,  ainl 
Wait,  iV70)  have  considered  I lie  problem  'iiu*« 
then  using  the  nnxlified  sa<ldh  |M»int  te<  hnn|iit-  h» 
evaluate  the  integrals  for  jr  2.  While  a tnn 
surlace  wave  is  not  e.xeited,  tin  p<ile  enhances  tin- 
field.s  near  the  M»urce  in  such  a manner  that  !he\ 
♦all  off  approximately  as  U’k)  ' \t  large  dis- 
tances from  the  source,  Mie  fuMs  arc  ilio^e  deter 
mined  by  the  normal  siiddlc  point  meiii»Ml  which 
have  a (kH)  • fall  off.  'The  transition  betwei-n  tin 
ranges  is  determined  hy  the  proximi!^  of  (?#,.  i»i 
W:  2.  In  the  radio  interferometr)  applicatitm,  thi 
earth  pnificrties  «>f  interest  are  those  ot  a low -loss 
dielectric  uhieh  is  assumed  to  have  onl\  miMlerate 
contrasts  with  the  free-space  prt>tM rites.  I'he  |h»Ii 
m this  case  is  well  away  frt»ni  w 2 and  d*Ks  noi 
affect  the  preceding  solutions 

In  the  particular  situalimi  of  an  earth  where 
the  Her!/,  vector  tor  a vertical  magnetic 
di|M>le  can  l>e  evaluateil  exact  l\  lor  k ^0.  'Mm 
result  is 


as  shown  h>  \VaiMl05t)  II  i ( » a etna  I. 

on  tlie  approximate  solutitm  1 b iporoximait' 
stdutitm,  obtained  b>  adtling  <2.  •.  it  <25)  or  t \ 

ami  (26)  for  <»»»  2,  is 


11^ 


2i 


I .•■'■‘•I 


) 


which  Is  (he  same  as  (27)  it  (lord  In  terras  are 
negletrted. 

'I  he  intt  gral  exprt*ssioiis  tor  t ie  lb  rl/  vecli»rs 
for  tlie  other  r|i|M»le  s4iurces  can  )m*  treated  in  Ihe 
-.anu  manner  as  for  the  verticii  magneiic  t|i|>tile. 
I'or  z '0,  in  the  air,  thev  have  the  lorm 
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The  (»'i(a)  for  the  variou^  source^  are  tabiil.ittMl  in 
Table  1.  The  electric  ami  nu«m  tii  (iel<K  can  be 
obtained  by  difTerenlialion  of  tlu  jirecedinK  m>1u 
tionn;  t!ie  particular  form  of  the  tnle^rab  encoun- 
tered piTTnitss  interchange  i»f  the  in!e){ratio  * and 
differentiation  .teps. 

The  half-space  solutions  demonstrated  that 
interference  patterns  will  be  observed  in  tlu*  tield 
stren^tths  even  when  there  is  m»  subsurface  re- 
flector. This  is  readily  seen  from  e<jualion  {2^}. 
The  fields  at  the  earth's  surface  are  comjx)se<l  of 
two  propaKatin^  compiments  with  one  having  the 
phase  velocity  of  the  air,  and  the  other  the  vcUk- 
ily  of  the  earth.  .Nnother  important  leaiure  of  the 
half-space  sidutions  is  that  the  tiebU  near  the 
Ixmndary  fall  off  as  the  inverse  square  of  the  radial 
distance  from  the  samree  at  dislatu  greater  than 
two  or  lliree  wavelengths  from  the  M>urce. 

A convenient  melluxi  of  interj>reling  the  solu- 


tion-* i-*  to  e(|uat.e  the  radiation  patter”  o|  tin 
^ouree  on  the  t)i>undar)  to  the  hrsl  onbr  lerir  in 
tile  preceding  solutions,  'l  ids  tnhni<jue  denmn 
slrales  hox  tlie  tniundarx  nuMlilirs  i In-  dir<  1 1 n»na' 
ily  of  tlu  source,  'riu*  radiation  patti  rn  i-  sharpl\ 
peaked  in  the  dinetioii  o|  tlie  <rili(;d  angle  into 
tlu*  earth.  ;\  sketch  ot  the  radialion  pattern  lor  .i 
vertical  ilipole  source  shown  tn  l igure  I.  I his 
direc! ionalitv  of  the  source  is  !mp4>rt.iol  win  n r. 
lleet'on'  fmm  a subsurtaci  bifindary  are  ton 
sirlelerl 

Two  li\tr 

The  analysis  4)f  the  integral  exprt  ssMiv  for  the 
two-la>er  earth  problem  is  carried  out  in  '.uo  di! 
fvfent  ways.  The  dqilh  of  the  .subsuriaee  btuin 
«lar\  .ind  the  electromagnetic  h»ss4s  ol  tin*  fir'* 
la>er  determine  which  approaeli  is  nmn  useful 
'rh**  primary  method  ot  aua!>sis  is  !♦>  trial  llo 
first  !a\er  ol  the  earth  as  a leaks  wavegiodi  tiid 
Use  normal  mmh*  analssis  In  lertain  eas«  ..  iIm 
mmle  anal\si>  is  cumliersome,  and  t’”,  « as« - 


Table  l.  CoeAcitma  6.(o)  for  half-space  earth  Mdutions  for  various  dipole  sources. 
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I*' 14*  4.  SkvU’h  showing  Imw  4 ?NiumUry  n>4Mlii'Mr»  tht^  ilirrriNNuiUt>  i»f  4 vrrtM4)  «> 

iht'  Uiumturv.  (a;  N«»  lM»uml4r\  tirrm'ni  (l»)  liimtitlurv  at  / 


yu^Ul  miiri*  umt(uI  n^lt^  wlu  n I hr  inlri;rui  > art* 
»o)vcil  appruxinutrty  thr  Hadillr  piMiii 

method  of  inti*isrttion. 

The  various*  4li|>ok  may  all  he  Irvatid 

in  the  ^mc  manner.  For  the  |>ur|MKe  illuMrat- 
InK  the  methtMt  of  atmlvnis  thi  hi^ri/tmlat  electrir 
<li|M>le  tumree  'uduliontt  are  umiI  uii  an  exantpie. 
The  X-  and  a*com|Mmenti  «>t  the  electrii  llert/ 
vector  in  the  air  f«>r  thi%  tiource  are  aiven  by  eijua 
lion*  (13)  anil  (14)  where  the  ctwlbcfents*  />«  am! 
i « arc  lUted  in  Table  A-2. 

For  normal  mode  analyids,  e«|uation  (13)  U re- 
written Uiinit  theinicfral  identity  [equathm  f2t)|. 
The  componenU  of  *he  Herta  vect*>r  are  ^iven  !►> 


• iki 

I la  fiwd 

>li 


j Hill’  It. 


( M) 


where  the  integration  varlahh*  i\>  delitu  I in 
.\p|Kmlii  H.  The  linijularilies  of  the  4in  l!ieient'. 
ht  am!  4*«  determine  the  nature  of  the  v»hiii*jn^  to 
e<|uation'4  f.<0)  anc*  (31). 

'Pile  eiprewo»'H 


mif»f  I 4*  kn) 


^ e7*{  M 4* 

. (32) 


and 


II'  - - * f sin«|Miu(0i)|t  + *,{4i)I 
2n  # 


(<0) 


anJ 


1 

2po 


”(>i  !)nt«r„(1  f /f,,/^)*SViM  f Vi.rf) 

_ ( 1 A uA  |;*^)(  I 


<7ji"  1){io‘VhkS'k-7oi7  ^ 

bavi*  brancK  points  at  ilu-  two  critical  an^Us  <ii 
lilt*  Ivw)  I • ndarics  in  ((uotion.  In  a<‘dition» 
ef|uatiun  has  an  infinite  set  of  simple  poles, 
ami  (.43)  has  a doubh  inhnite  set  of  poles  on  each 
KicMTunn  surface.  These  jM»les  are  determ  i net  I b\ 
the  normal  ni«»de  etjuations, 

1 - - 0.  f.44) 

and 

1 --  A',o.V,,/Cf  - 0.  (.45) 

Kquations  (54)  and  (55)  are  the  7>'  anti  7'5/  mir 
mal  inotle  etjuations,  respcctivel\  Ht>ih  are  irans 
cendental  equations  with  infinite  sel'^  ot  r«»ots  1'he 
relatitm  between  the  normal  niotle'^  .uul  multiple 
retlec..ions  is  readily  obtained  b>  expantliiij;  the 
tlenominators  of  e()uati<»ns  (52)  an<|  (55/  inti» 
infinite  geometric  series,  hor  example, 


n - Ky,Kx  (i)  ••  {M>-. 

r<.  (r 

riie  fM^sitioM'*  t»f  iiieptiles  am!  liraiielt  pimits  j. 
the  coinplt  X plane  tieternune  the  wave  naliire  ttl 
the  solutions  t*)  etpiations  ( <0)  anti  (51 ).  'I'he  m»r 
mal  motje  »v<)Iut  it‘iis  «ire  obtalnei!  b\  tlettirnmii*  lh< 
contour  tif  inte;4ratioh  ('  in  (*'.  a^  scliem.it ic,tli\ 
dhistratftl  in  l*'i>iiir<’ 5 'I'he  inleKtal  Irom  • (r 
( / * toT  2 i f c'- , ant!  Ircm  r 2 • / a.  |t»  ir  .?  / ' 
Is  identjcall\  zero  Alolii<  the  tirst  part  t»l  ( ' (lie 
inteitral  is  zero  since  the  intej»rand  is  /en*  \i  mic 
tile  M-ci*nd  ()art  of  the  contour  (*'  llte  iiut;^r.d  i 
zero  tlue  ttl  tile  a^\  mmetr\  t»l  l!ie  inte^rami  ;i1m»u1 
d\~TT  2.  rhis  result  common  tn  nuMle  analvsi" 
ami  hu'^  a with-  ranj^e  of  appheatitm  . a-^  t!i>cu'‘"eti 
in  tletail  b\  Hrekho\skikh  (I9(»0!  I lie  inte;jral 
alon;»  ( is  (‘(jual  to  tin  re^'itlut  s tu  the  ptiles  < ro-  -r<' 
in  defoniiiiij'  tlie  ctinlour  lt»  ( plu^  lie-  intt-;,»r.ils 
ah»n;»  conttuirs  t'l  and  ( • width  nm  Inuo  ' fz 
artMiml  the  branch  points  aiitl  b.u  k l'»  i t z Tht 
comptineiil  s tt*  the  Ibrt/  \ettt»r.ift  i;ivt  ii  by 
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Table  2.  Residues  of  poles  for  normal  mode  analysis  for  horizontal  electric  dipole. 
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if  lU'i/i  sin  O'.  ) 


..t  . I’. 

cos0trisin 
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l)  \ ; 
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Sin  0i } 


wht-rr  ne',)  - ■'  |,„7-„(»r)ll  + /f.,(«r)/S(»f)lA;.i(l  4 


and 


Ur  * 2xi  2 (77t  poll*  risidufs) 

+ /.  + /., 


(37) 


IIz  * 2ir/  2 {7'E  pole  residues) 

+ 2xi  2^  ( TAf  j>ole  resiiiues)  (.^8) 

+ /,  + /., 

where 

iki 


/i  *=  2wl 

fUa  •«//‘(it,p  sin  9i)(/fli, 

ft  “ jil  f 

.f>hz  «.•  sinei)(/9i, 

tki  r 

/i*co8«~  I ^\U'^0inhfi(Oi)rit(6x) 

2 r>  rt 


fika  '”•••//, (It, p sin  0i)(/9i, 

ik\ 


''  r 

I A » cos  i4  I 
2WJr 


sin'*  9, ),„(«,) 


(4‘>) 


(40) 


(41) 


(4>) 


ff  siTi  B\)iW\% 


The  solutions  {AT)  and  are  completrl)  >»eii 
eral  and  vali<l  proviiled  a Itrancli  jxiinl  ami  a jiole, 
or  a TE  and  TXf  pole,  do  not  coincide.  In  the  first 
situation,  the  p*de  and  hranci\<poinf  contributions 
must  be  consiilcrcd  together  rallier  than  sepn 
ratcly,  as  indicaleil.  In  the  other  sttuution,  (48) 
must  include  the  resulue  of  a second  order  pole 
rather  than  the  residm  s ol  two  simple  poles,  as 
imiicated.  Since  these  situations  rarely  occur,  they 
are  not  discussed  further  here. 

The  expressions  for  the  residues  in  (.<7)  ami 
(48)  are  tabulated  in  Table  2.  Approximate  solu- 
tions to  the  braneh  cut  integrals  may  be  old  aided 
by  steepest  <leseenl  integration  as  discussed  in 
Appendix  H.  'The  solutions  are  tlie  secoml  order 
lateral  and  inhomogeneous  waves  generated  at  the 
boundaries.  The  approximate  solutions  are  lisletl 
in  Table  4. 

The  behavior  of  the  fields  at  the  earth’s  surface 
is  very  dependent  on  the  position  of  the  singular 
points  in  the  complex  plane,  whicli  |Hiinls  arc, 
in  turn,  <lelermiiied  by  the  material  properties  of 
the  earth  and  the  layer  thickness  d.  The  important 
leatures  of  the  solutions  are  the  radial  depen 
deuces  and  the  initial  amplitudes  of  the  various 
terms  in  the  solutions.  ;\1!  the  reshlues  contain 
Ilankel  functions,  which,  for  radial  distances 
greater  than  one  or  two  waveicngtiis,  have  the 
form 


Table  3.  Approximate  steepest-deicent  solutions  fo  branch-cut  ime>crals  for 
normal  mode  analysis  of  the  horizontal  electric  difHilc. 
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r ktt  , f ki  I 1 2ii  I 

sin  fli«  « sm  9ii  • fij  ~ tan  ; 

A’ I K\  #»  ' 


p I/i^iAld  *111  ^ 

where  (?f  in  a polr  defined  b>  e<|Uiititms  (.U)  aiul 
(.^5).  The  branch  cut  contribiilinns,  /,  and 
fall  off  as  with  no  exponent iul  atlenuatiim, 
while /i  and  /<  fall  off  asp  and  are  exponentially 
attenuated  when  the  earth  is  lossy,  'Hie  anipli 
tudcft  of  the  modes  are  larjjest  for  those  i>oles  in 
the  vicinity  of  diV  'J'his  effect  is  related  tu  the 
modified  directionality  of  the  source  as  discussed 
for  the  half-spare  fields.  When  the  earth  has  a 
finite  loss  all  terms  in  tlie  solution  rxccpl  l\  and 
the  first  term  of  have  amplitudes  which  decay 
exponentially  with  increasing;  loss  or  inrreusinj;  </. 

The  positions  of  the  po!e>  in  the  complex  f?i 
plane  for  three  idealized  models  are  illustrated 
>chemalically  in  lM^;ure  0.  'I’he  earth  consists  ol  a 
perfect  dielectric  slab  over  a half  .*-pace,  whicli  Is 
a perfect  ronduetor  in  case  (a),  a perfect  dicUrlrle 
with  Ai>A't  iti  ease  (h)>  and  a perfect  dielectric 


with  A'a<  A'l  in  case  (c).  In  all  cases  3/«  - \f  r M * 
is  assumed  since  permeabilities  of  bulk  earth  ma 
lerial>  vary  little  fntrn  the  free-space  vahn*.  'I’he 
poles  lie  <»n  the  lines  \ A'ioA*i^^|  - 1 and  | A',»\  ij/^| 
= t,  with  the  density  of  distribution  of  the  poles 
on  these  lines  controlled  by  the  slab  thickness  //. 
For  d small,  the  poles  are  widely  spaced  with  nm.st 
of  them  lyin^  hi«h  up  the  lines  near  the  iniaj^inary 
6i  axis.  For  increasing  d,  the  poles  move  dnwn  the 
lines  toward  — ir/i  and  are  more  closely  packed, 
limit lenualed  modes  occur  only  wlien  the  6[’  lie 
on  or  close  to  ihc  real  Bi  axis.  In  case  fa),  the  p»>le 
contours  lie  on  the  real  axis  for  ^„<0i  <ir.  2;  uimt 
tenuatcfl  modes  can  be  excit«‘d  when  ^•xceel!s 
ihe  critical  an^leof  the  free  sp;ice  earlb  inlerfare. 
In  case  (c),  Ihe  slab  forms  a dielectric  wavemiide 
w'ben  f/i  is  areal er  than  the  rritical  an>;h‘s  of  botli 
boundaries.  For  both  fa)  ami  fr),  the  im»des  with 
realf?f  less  tlian  the  larm-sl  critical  an^le are  hi>;)dv 
damped  due  to  energy  leakin;5  out  of  the  slab  In 
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1’  lo.  0.  Skclchcs  nf  complov  N,  phiru’  slu>vNit^«  imsiunn*^  u\  lininc  h litu-s  for  sunj*li>  iwn  luvcr  tarlli 

cases;  case  (a),  ilioK’cUu  sla)i  over  a perfect  ruTtiliKto  ; case  (l>),  dieUattii.  slult  over  <lielt‘clrie  hall  space  \vitl» 
case  (c)  rlielecirie  sl,il»  <u<‘r  a dti'lectric  half  space  with  A’t<  N\.  The  tiashed  lines  are  cnnlours  wht*re 
; AioAitd;  **  t,  the  ilutUMl  hues  are  (ontours  wheu'  V,„A  ,.p  « 1 ; the  hranch  points  are  ilenoteii  hv  solnl  i ir«  les 

1.  f>^ 


rust*  <h),  no  unaltrmiatnl  modi*  i*an  cxisi,  suu*i‘ 
fiuTjjN  i>  c<ttJlinuiill\  llowin^  t>ut  of  llic  slab  into 
llu*  lower  liall‘->p;ice.  'I'lu'  elTer;  ol  a t'lniu*  lo>?>  in 
the  slab  tlw  |>i»le  conloiir'»  up  away  from 

the  real  a.\i>,  and  all  m<»dcs  ha\c  a rinito  attonua- 
tlon.  'riu-sc  nuulels  demon>lrate  tlu*  >;i  ni"‘al  posi- 
tion and  behavior  of  the  Mti^'ilar  points  in  the 
complex  plane.  Mt»re  detailed  studies  are  j;iven 
by  Wait  (IW)),  Hrekhovskikli  < t%0),  and  Hud- 
den  9(d). 

'I’lu  normal  mode  approach  is  most  useful  wlieii 
the  distance  from  the  source  is  j^reater  than  the 
depth  of  the  lM)undar>  d and  when  the  earth  has 
a very  low  li>ss.  In  a Iosm  dielectric,  the  complex 
dielectric  constant  is  A\1  f / tan  5),  where  K*  is 
the  real  dieleetric  constant  and  tan  h is  the  loss 
tanjjenl.  and  the  .ittemiatitm  <listance  in  free- 
space  \\av<‘len>;tlis  fi>r  a plane  wave  is 


'!'he  Hertz  vector  (oinponents  can  tln  n he  writ 


n.  - A,  f A., 


ffz  = As  d"  At,  (50) 

where  A|  anil  A.,  are  the  half  st>acr  earth  solutions 
discusMMi  4-arlier,  and  A?  and  A<,  Kivi*n  b> 


/A,  r 

ill*  J. 


sin 


sin  (/,)</(?, 


7t\/K*  tan  0 

when  tan  6«1.  When  d approaches  the  attenua- 
tion distance,  the  solutions  begin  t<»  approach 
those  of  a lossy  dielectric  half-space.  An  alternate 
ap[)roarh  to  evaluating  the  Mils  when  the  dis- 
tance from  the  source  is  less  than  dy  or  w hen  d > O, 
is  desiralde,  since  the  normal  mode  approach  is 
cund)ersome  in  these  cases. 

M'hc  integrals  can  be  approximately  evaluated 
by  the  sutldle-poitil  method  of  integration  when 
multi|)le  reflections  arc  not  strong.  The  fiehls  can 
then  be  expresse*!  as  the  half-space  solution  plus 
a CiMUribution  Irom  the  subsurface  boundarx.  Hy 
regrouping  thr  coetlicients  />i»and  i « in  the  form 

h\}  •=  fii\\  “b  bvf^i  (4.^) 

1 I 

Co  (7oi  - 1)  + (4b) 

2 So 

1 7'»i7'io^ij 

bii  , (4/) 

(1  - KyoRv^fi) 


sin“  eifUuiTuiOO 


...,K  •«/#//, {/.,p  sin  fl,)//fy, 

describe  the  elTect  t»f  I In*  suhsurfaet*  btnimlary. 

A;  ami  At  can  he  approxitnalely  4 valuate<l  by 
the  sadflle  point  metlmd,  which  residls  in  tlu-  ge 
ometric <»ptics  soluli4»n.  Since*  isas^unuMl  close  to 
zero  ihrouglumt,  the  exprission 

dlll{k,ps\udi)  (55) 

in  the  integrands  may  be  rt^gmuped  using  the 
csympt4>tic  expansion  of  the  llankel  fmulmn  in 
the  manner  discussed  in  Ai)p<'ml!x  H.  Ai  and  At 
then  ( onlain  the  expression 

l>f  «0H  914  a Mil  ^,|A  «|J»  (S4) 

in  the  integrand,  where  (pM  44/*/^-*  and 
a,/=tan  ' (p  2d)  In  this  form  aj  is  ilu*  .sadflle 
point  ot  the  integrand  and  is  the  geomelMc  optics 
direct i«>n  ol  a ray  retlecte<l  from  the  subsurface 
iMHimiarv.  'Fhe  siidille  point  solutions  of  A^  and 
A I,  outlined  in  Appendix  H,  are 


' ' r 

In  •- 
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in  ol»tain»j)^  I'NdftnuMl  \\  lu'n  ihosinj'ii- 
Lir  is  a pnlr,  ihf  0)Htnluiiion  to  tin-  inifura! 

aftnr  rro-siMtj  i!u’  polr  a rrsijur  **i  a h*rti^  similar 
t<>  m i V 1m*o  I !u  poll  Is  ?mt  <M1  llu 

rnai^i  asw,  ihr  rrsiiUir  is  r\p<»m‘nt iail\  attcniiaU‘«l 
NMth  iiUTiasin^  r.niial  •lislaiu.r.  riu  \alm  n!  pat 
uliidi  tiu*  pi»U“  nuisi  hr  i oitsi<|rrt  d m <l«  Irrmntai;; 
llu’  intrrral  is  aU»*  drlimd,  ai'd  !•>  usMalK  mmh 
tiriMlrr  than  tin*  atti  iu!ati«»n  distaiut  ol  thr  modr 
\s  a rrsiili,  liir  rr-nlur  of  tin*  pnit  is  rvlrrmrU 
snull  and  n muHmUU*  ftmi(>,irtd  in  tlir  saddli- 
point  ('i»nl nhut ion.  l-’or  t.i''‘s  ulun  soim  pnU-s  lir 
on  i*r  nrar  llu  ri*al  0\  axis,  a li\id  tadial  dutarn’r 
Irom  thr  somrr  must  hr  r\u  rdrd  iMtoir  llu  ir  <•( 
Irct  iu‘rds  In  hi  omsulirrd  Ui-mhuI  llusdist.nu 
thr  normal  moilr  approach  is  morr  r«*n\  rnirnt  tor 
lAprositu:  tIu'  snltitioiis 

rhr  hranrh-point  omtnlmlions  \ irld  mhnnm 
Crnroiisand  lairral  'avr>;;i  nrratrd  at  m u tin  Inl 
Irom  !lu“  -ulisurtair  houndarx  \s  in  thr  r.isr 
o!  tlu‘  poll  s,  a tinilr  diMani  r Irom  tlir  souii  r imist 
hr  rvcrrdrd  hi  torr  ihrsr  ront ’’ihm unis  nrrd  to  hr 
ronsuUrrd  |-or  llu-rarth  nunlrls  w lu  rr  thr  satitlli 
point  mrthod  i>  usrtui,  tlirsi  ront rihut tons,  w hit  li 
arr  >rrond  ordi  r itYuts,  arr  nrulirihir  \\  lu’ii 
thrsr  srcond  ordt  I wavrs  arr  sn»nitirant  m llu 
drtrrminat ion  ot  ihr  hrhl  sirnmilis  at  Mir  latih's 
surlacr,  thr  normal  motir  ap|»roarii  is  tiu  In  tin 
mrthod  tor  roinputinq  tiu*  I’u  Ids 

'Thr  twolaxir  railh  >oliiiioiis  « ox  i r a v\  idr 
fiimir  ol  possihlr  n spniisrs  'I  iu*  important  rr  nils 
arr  as  !o)lo\\^' 

t \\  ium  I !ir  tirst  laxn  ol  Mu*  rarth  is\rr\ 
thin  and  thr  simiul  lanr  i'  a low  loss  nu 
ilium,  thr  first  laxrr  is  undrlirlaf»(r  'f  lir  rr 
spoiisr  o|  thr  rarth  is  thi  s.inu  as  that  ot  a 
lialf  sparr  rom|>osrd  o|  thr  sriond  laxrr  ot 
tiu*  rarth. 

2.  W hrn  tlir  first  laxii  ol  thr  rarth  is  on 
thr  onlrr  ol  our  waxrliucth  thick,  tlu*  sur 
fair  fU'Ids  hrromr  rstriinrlx  i'omplrx.  rtu 
lirlds  rxhthii  a p ' ' talholt  out  lo  thr  «it  trim. < 
tion  dislanri'  ol  thr  hast  uttrmiatrd  modi 
wliicii  i^  slron^lx  rxiilrd.  liryond  this  <li> 
fanrr,  thr  mnirihulion  of  tiu  modi  s hrromrs 
nn;lii»ihlr  ami  thr  mvoiuI  «»rdrr  latrra!  ami 
inlunuo^Murous  \xa\rs,  with  uo  radi.il  r\ 
(lonmlia!  altrmiation,  drtrrnuiu  Mu  tmld 
stmurMis  w'luh  Mun  tail  oil  ,is  p ’ \\  h*  n 
modrs  w ith  low  atli  miation  ari-  r\i  itrd,  tin  ' 


an*  ^^rnrraMx  Irw  in  nunihrr  Simr  r.u  h 
piopa«. ill's  radiallx'  with  .1  dilliiriit  phasi' 
xih'i’itx,  tlir  lirlds  will  sliM'A  a niiidar  pi 
no  !i(  l*rat  in!4  as  thr  various  modi  s mio\  r m 
.imi  out  ol  pluisr. 

Wlirn  Ihr  first  laxrr  ol  thr  r irlli  1 . 
and  siwrral  w ax  rU  nj;»ths  (hi  p,  I 'm-  t'l  i nm  I ru 
opt ifs  solul mil  N mori  usi  ml  th.ui  ihr  noiinal 
mode  .-ppmarh  'llu  rxpti  ssion  un- 1 In  lulds 
Is  till  hall  p.ui  solution  plus  .1  (onii  h'lintii 
Irom  thr  rriln  I uiK  ^>‘*uiulai  \ . 'n*i  is:',n  I \ p« 
ol  snhilioi)  used  l)x  I'd  Saul  ' In  I I 

S. lid’s  .maixsis,  thr  uaxi's  pTop.m.it  iiu.*  .ilon" 
ihr  ‘ '*rl ai  r w r? r not  roi ri rl  1\  r \pi rss* , | . .m, ! 
tin  ■'  .(iihiatuni  in  dim  I ionalit  x o!  llu 
soitn  r diir  to  thr  a it  r.irth  iuli  ri.ii  r was  mU 
loiisiihrrd  Tins  lorm  ot  solution  ispaitun 
l.irlx  usrful  lor  a (piitk  loinpul.ilion  oi  t!u* 
strinyth  ol  rrlliitions  iioin  tihsiut.ur 
liound.mrs  and  of  llu  i lh  « • on  sui  lai  r In  h|s 
ol  lii.mvirs  in  rirrtrua!  propiriirs 

I Ihr  s.iddlr  point  sdiution  is  Ust  ml  .01 
drlrrnnnint4  llu  tadial  dislamr  liom  I'u- 
soiirn  at  whiiii  t hr  vanous  rout  1 ilnil nnis  i. 
till  siM).M»laMtu*s  ol  Ihr  iiili  i;tati(t  1m  roiii'  im 
portanl  Sinn  thr  saddh  t»onil  (o»i(on»  1 
positionrd  m ihr  romph’N  plaur  li\  thr  r.itio 
/»  2tL  a ral  o p 2tl  <aii  In*  doimrd  lor  larh 
siimnlaritx  I'or  normal  modi*,,  ihr  i.iduil 
dislamr  dilinrd  l>\  ihis  ralio  max  hi  iiiln 
prrtrd  tlir  dislann*  Irom  llu  soiirrr  rr 
(|Uirrd  tor  a ^tvrn  nmili  (oiirvilop  I'or  llu 
hranch  poiuis,  tijis  rat’o  ih  li  us  thr  nltiial 
• list. mils  trom  thr  snunv,  xxhrn*  latrral 
\\:i\rs  ami  inhotno^mrous  wavrs  irom  thr 
suhsuriau  hounilarx  rrarh  flu  surlan. 

DISC  I ASM  IN 

Thr  r.idio  ini i rlrroinrlry  Irrhni'jiir  pnw  nh  s a 
nu’thod  ol  drirrminiii‘»  ilniriial  propiriirs  m 
situ  ami  ot  drlniin;'  suhsurtarr  si  1 at iluat ion  o! 
thr  ili-rtriral  proprrlits  m mviroimirni s whirh 
an  moiUralrly  traiwparnil  to  rlrilromaL'm  Iu 
wavrs,  rhr  throrrtiral  anaixsis  of  tin*  two  laxrr 
rarth  prohirm  drfitu.'^  thr  hrhavior  ol  thr  (irids  .it 
thr  r.irth's  surfarr  ami  pros  idrs  a liasis  lor  tindrr- 
stam!in«  rxprrimrntal  rrsults  rr|Mirlnl  fi\  kos 
sill  r rt  al  ( M>7.U  in  part  |).  Thr  various  ohitions 
drrivnl  hrrr  .irr  dso  usrliil  tor  i oiupnt um  rouj.d’ 
rstimatrs  ol  Mu*  mil  rirrrnrr  pattriiis  in  Mm  lirhU 
al  llu*  r.irth’s  surlarr,  prosidrd  thr  .isyntptohr 
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nature  ol  tlu*  expressitui^  ^ivt  n ilur  rr^pcit. 
K\an.pI^^  i>t  tlu>c  are  ^ivru  in  I’aii  1 1 

Tilt’  half-^pacc  solution^  pri>\i'!t-  a imtluid  <>l 
(it  Tmiiiin^  tlie  eUrUical  proiMTUr*^  U»r  a !ialt 
spHCx  \iiy  strong  d«‘parturi->  Irtmi  tlu-  lull  ^parr 
wave  IK  ure  <ic.,  a rt‘j«ular  intrrUn’mi*  pallrrn 
and  a p - ’Istance  tle)H  ntietiCf'  iniKcaU’  lli.il  r*’- 
(Icctiniw  Irt*  \ tleptli  are  inipfrtatil  Wiitn  tlir 
reflect  it’ll from  depth  are  due  In  a hnri/amla! 
ixMjndarv  in  eieetrieal  pmperlns,  the  ln'ha\it»r  ol 
llie  he!d-»  \ .irie'»  it)n''ithTald\  l‘«»r  e\an>)»ln,  when 
normal  modes  are  excited,  the  InhU  tall  «)IT  as 
p ’ - willi  lei^nlar  heating:  ui  the  (uld  siren^ths 
with  di>taiue  Irom  the  suuree 

'I’iie  treat  nu  lit  ot  .t  two  la>er  rail  it  with  plane 
bomalanes,  honioceneou^  !in‘dia,  and  p<»inl 
sources  is  a cniisideraMe  simphlnat  mu  (»t  most 
real  environments.  Ihese  simple  nmd<!-'  .ind  the 
approximate  tint  ions  o!>taimol  do,  Imw  i \ et , pr<» 
vide  iiisiulu  into  the  liehl  heha\ior  in  tlie  ratlin 
intv  rleroinetrv  .ippheati<*n  Methods  to  ai  v i:ratel\ 
CvMTipUte  lieltl  'tmn.dhs  inr  these  mothU  are  cur 
rent  In  iimler  invest  ij'at  mn  The  elleet  ol  rouj;h 
and  dippn^t  I’oundaries  on  tlie  solutnms  i>  ex- 
tremely inijMtrtant.  \ls)>,  the  presemv  ni  seat  ter 
int'  by  inhomop-neities  m the  larth  tan  drasti 
cally  alter  the  tnlds  at  tin-  earth’s  suit  ate  I'liese 
prtiblems  are  Nirtuall\  impossible  to  treat  in  .1 
general  manner  iheoret ieall\ . St  ah  model  experl 
ments  seem  to  be  the  most  it‘asd>h  method  ot 
studying  these  problems,  rhis  work  is  presenlU 

in  tirogress. 

'The  tree  space  wavelength  provides  the  most 
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Useful  unit  ot  length  when  dut  iNsim;  am!  plotting 
radio  interlerometry  thila  Scale  mod«  1 tonstrut 
lion  is  baM‘tl  on  keeping  all  diinenvi.itis  pn-  ,,inu 
on  thr  wavelenL'lti  scale  and  hav’iPi'  tin  s:no,  los- 
taiigent  In  the  analysis  .»!  f'n  Id  'lata,  pltUtmg 
distances  oM  I wavelength  scale  inak«  « < «*mp,tr  i 
son  ol  data  takt  n at  diflert  nl  l"n  ipiein  u - tr.ii*'jil 
lorwaril  i!  the  tlectriial  jiroj'erl  ts  .m-  not  Irv 
tjitencN  depemh  nt,  runiiiiu’  tin  exp' Mim  ht  n-iti". 
seveta!  dilTerenl  fretpieneu tan  <lte«ii\ii\  \Mr> 
the  < lept h t I a -ubsurt.itM-  1 nt t 1 1 .n  e 1 n no  .t  1 1 .0  l mn 
a waN'ehngtii  I o mans  w.ivil  iiji'i 

AIM>HNOIX  A.  f AM>  I'AltAMI  I hits 

’I’he  t iieflifient s m the  mleera!  * vprt  ions  toj 
the  llert/,  vectois  i,»r  the  \ariou  dijM»l<  ourt»- 
are  obtainetl  b\  >atist\ing  the  t‘ound.ir\  tondi 
tioii'  at  z 0 .ind  z 'tl  Witlmut  a ton  i>t<nt 
notation,  llie  cot ‘lit  ient  > are  t vlrtmilv  eMiiipti 
cateil  expressions,  width  lt»st‘  tin  s\iMn*li\  oi 
^)Uali^>^s  M)  Ihrtiugdi  P»)  and  ar«  dilhndl  b» 
interpret  physicallv  In  tin  - station,  1 l.e  M*biruet 
lor  tin  toeflicieiits  are  labnlatei},  and  ilu  iioialinii 
nsetl  llirouglnnit  the  ImmIn  ol  tin  It  \l  i d«  tmed 
In  'I’ahle  A I,  tlie  boundarv  com  hi  n>n>  bn  tin 
llert/  vectors  arc  listed.  In  Tabh  \ \tlieevprt' 
^ioiis  l(»i  tlie  P/X),  ainl  t/Xlarelishd  tor 

tat  ti  dipole  sourt  e l^xaminatlon  ot  the  e ‘otnlioim 
slmws  tile  s\innutr\  betwein  tin  elulin  and 
magnelit  ibpole  sources  I n!t  rt  lianeim'  tin  roll  . 
t>l  A,  and  .1/,,  one  can  rea«!ilv  obi  mi  tin  oluhoii 
tt>r  a magnelit  dipole  soinci  hom  tiiat  oi  an 
etpiivah  iit  ehilrii  dipole  sourt t . .md  vni  vir-.i 


Table  A*l.  Ikttintlary  corulicionx  for  Hen/  veclorx  for  varimix  tliptik*  xtnirvex. 
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I'ahtc  A-2(a).  (/|(^)*  ^>{A)t  and  c^i(A) 

for  vcritcal  tliptde  S4>urce. 


</«» 


1 s\o  t r 
tarili 


Half  spaic 


A*,m  f A'lt^ 
1 - 


much  nu»rr  appan  ni  win  ii  !ln  plane  w.nc 
'ipeclrum  noPiiion  i>  usnl  l ln  loim  nf  ihe  phme- 
wave  .speclruni  UNe<l  tlirnuKlMHil  i-*  4ih!.iin(«l  h\ 
lliree  complex  an>;les,  and  trafis 

forming;  the  inftwttioii  \anaMi‘  1>\’ 

X ^ ki)  sin  0»  - A’l  sin  / ■ ^in  0-  (HI) 


Vcrcical  </r 

MftKiu'lic 

l>t|>ole 


f i»i 

1 A'inA'isd 

tym  / «i|  A*ivd 

I A^ji»A*i^ 


»/iii  / tnijitf  t? 

! Am.  A,  id 


A..1  f A'ljd 
t N mX  jid 


Vi-rliial  ♦ii 

Klee  trie 

t>i|Mile  •h 


1 \ (I'X  f'd 


{ihXiiiA  ijd 
) - \v\i^ 


*/»f|  / Hi 


0 


l^lll  f Hi 


V,n 


<1 


'riic  an^le  <),i  is  used  in  lie  reei"M  / *o,  in  ihe 
rej;inn  •-</</ <C^)fatultf.  in  (he  rei^mn  / • ~ //.  I ht 
ul»t)\e  translormaiion  ;mnI  an  rxpresstnn  nt 
Snell'shiw.  Aplane-wavt  im  nleiil  Irnrn  i!n 
/>t)on  the  earth’s  surl.ii  I at  an  an^^dt  \v  the 
s-axi««  i.s  refracted  into  meiliuni  I at  an  an^defli. 
and  to  the  t*axis  and  int<>  medium  2 al  an  an^de 
8if  as  illustrated  in  Ki>;iirt  H I.  Tin  reader  is 
referred  to  C’lemnuiw  {ino<>)  for  deiaiU 

The  exprc'^siiins  h»r  tin  llerl/  vretors  in  eipia 
lions  (It))  throUKh  (IX)  Ir.inslorm  as  Inlhovs, 
where  the  II”  for  a vertic  al  dipoh  has  hecMiilm  en 
as  an  example: 


0 c’*'*^‘*  iku  r 

""  " fi7f 


(H  2) 


•f'*"  *•'*'  *7/I,(/'„p  sill 


a I 


I A II'  V I 


$*'iAi<i 


The  various  parameters  used  in  the  solutions  are 
listed  in  I'able  A-A 

The  expressiotiN  \,j,  A,;,  and  T»,  are  the 

Fresnel  plane  wave  rellectum  ami  transmission 
ciH'ftiC'ents  1‘he  subscript  notation  //  bus  the  fol- 
lowing; meaulny  sn) script  / denotes  the  nu*dium 
from  w'hich  tlie  fdane  wave  is  incident  on  the  plane 
boumlarv  beiweiui  meilia  i and  /.  Ki»r  (‘xumple,  the 
subscripts  0l  nuan  a plane  wave  incident  from 
the  air  on  Hu*  boundary  Im  tween  the  air  and  the 
first  luver  ol  the  eaith.  ‘Ihe  \,^  and  .V,,  are  Ihe 
reflection  and  transmission  ctH'lVicients  res|H*c- 
tively  for  a T.\/  plane  wave;  the  N,,  and  .S’,,  are 
the  refteetion  and  transmisdon  c<H'llicients  for  a 
7’ A’  plam*  wave. 

.vrrFNitix  m:  inaNt-wavi  spm  ihi  m ani> 
i^vairAiuirj  m inikc.hais 

'I’he  ph\sica!  nteaniiu;  oi  the  integral  expres 
sioris  for  the  various  llert/  veeli»r  solutions  i> 


1‘be  Inlenraliou  eontour  ( runs  Imm  x J | /« 
to  — 2 alouK  the  real  axis  to  w 2 and  then  to 
X/2  — t«,as  illustrated  in  l i^ure  H-2.  for  the 
unf*les0ir  the  contour  1 ’ is  obtained  from  equation 
(H-l).  The  /*,  transform  to  — tos^,,  where  the 
ncKUtive  si«n  is  chosen  m order  to  Mitisfy  tin*  radi 
ation  condition.  SubstiiuliiiM  for  /*,  in  tlie  Fre.siiel 
coe/licicnfs  of  Table  A-d  results  in  the  more  fa- 
miliar b»rm 


A'. 


1/  • 


o 


\n 


cos  0, 

. (H  .<) 

COS  f), 


where  the  I'M  relleclMm  ciN'Ilicient  is  shown  as 
an  cxan)ple. 

*riie  inteKral  iMpressions  can  Ik*  approximatelv 
cvaiuati'tl  by  manipulalin;*  tht>  int  nation  ioii 
lour  ( in  the  complex // tilaiK*.  'I’ln*  approach  is  lt» 
rephme  the  llankel  lunition  by  its  as\ntp|ohc 
(Xpansitm,  whiih  is  valid  win  ii  the  arKurm-nt  is 
cimsulerably  i^reuter  than  unilv. 


\ 

I 

t 

f 

I 

I 

HMI>' 


i!t:n 


Tabic  A.^(b).  Cocifidcms  <(^).  ^.(^)^  huri/ontal  ilifnilf  snurtvs. 


r\M>  la>i'r  varth 
V#i  * \ 

i " \ inA 


M.*ll  .|MM- 


'iiiSoi 

t-  V,0.V,:/i 


A.- 


1 til  N 01 A ii{i 

1 


b. 


'i  »iA(ir,  i^S'i 

I -Ai»Aii#^ 


...Nt, 


]ba 


■fri 


h. 


i'* 


1 l")«i  '1)7, n(l  ) A’l  1 ♦ ■*  (*>  ji 1 )i|,i»  / ,(*/ I "*Srtj*,  I I j 

J/V  tl ' - .VmiV,./J» 

I 1^01  I W«M  / iiiAjitf  1 + \ t > Ji  1)  Aift/ ii»/otA'i,r,  u.N  i;/^ 
ir»  <1  A’,.,A,:/ij(l  - Vi«A'.;#i) 

I <>»i  I )»),u  / IM  A’i;rf.S'«|l  1 tt^<)  ~ (>2|— t)/ iiW/oi>uiA»h  V liAr/^ 

i/%  il  - A’u,A*,^<)(l- A'„Y„^) 

( t'tiu  • I • Vi.'/'i'-  ( >11  ' t )i>ia7'iin , i>V|v 

i/%  il  A*ihA’i  *>7u  1 * \ »*A  11^) 

• 

A’.ii  ! A’l:^ 
t A’i,iAS,'/i 

',  IM  / Ml 

I - A',«A.  )< 

>01  / itl 

t 

* «i7iu>i:  / I? 

! A*ioA*i:,< 

I ^ 'j  III  I JA, , * I I \ I ’1^)  / 01 1 1 ^ A*i  " 1 > ’ 1 ! I A I t '/  "I  / *M>  I ,•  / 

2/%  i!  - A’i«//i  I 

I f ' «M  I >{rt|.V,ii  / 01 1 I i n .*t ' I ).N  I j A !»/</« I > IM  / Ml > I : / I ‘ii 

i/%  1 1 " A’irtA’iil’ili I X i«A  I *^/) 


i/% 


h/,,St. 


i/% 


f , >ti  I Jr/.,,  / <11 


(>«l  l)»fol/ill 

i/% 


A*iii 


i/*, 

1 

i/^ 


• 1 ,.i  I )Ao,  / ul 


I > 01  I *S«|A« 


I < >11  ■*  I )i»iA*|A  I 4 A’li^)  / «»  *>M  • I )A'i  •w/mi> *1  / »i ■j  I */ I 
i/%  M //,„A*,.4Ht~A%«A’,.»'n 


t <>0j  - ! ot' 1 4^  t “Ml  — 1 )(i/.S,4 1 + tt>  ♦•</ It  I 


U\ 


< I — Ai«A’iJ‘<)(  I ^ A t«A  , 


i/% 


mS.„ 
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Svih^titution  into  ihr  int^^raU,  such  as  th.il  in 
2),  results  in  an  cxp^^s^ion  of  tin* 

fi»rni 

f*»»*  mti  # j 

in  the  inte^raml,  which  can  hv  written  as 

etm  I (•  rt)  (H-7) 

where  and  H and  » arc  just  tin* 

len^tli  and  direction  of  llu*  yronielnc  optics  fa\ 
path.  An  inte^jral  \^itli  exponi‘ntial  ot  the  form 
lB-7)  is  amenable  to  the  sa<ldlr*point  method 
intrjjration,  where  is  the  sadille  point.  Hy 

deformin>5  (’  to  the  contour  ot  most  rapid  descent 
away  from  the  saddle  iH>int  I'  one  obtain^  an 
a^xmptotie  series  in  the  parameter  ^kK)  * lor  tin- 
intejtral  I'he  lea<lin*»  term  m tlie  series  i->  iht 
geometric  optics  Milutiim  l4>  the  prot>leni. 

'rile  sailille  |>4»irn  contour  1’  is  dehned  tr«»m  the 
argument  of  tin-  exp^meiitial  in  i-xpresshm  (It  7). 
\ioMg  the  cont«mr  \\ 

/it/e  t4»s  - «)  - lU’  - k Hs\  (li  H) 
wlure 

.r*  ' ” s\t\  if)*  <»l  sinh  ( li  *>) 

.ind 

ff  - O'  it**\  (li  It)) 

The  itMitonr  I’  ts  tiu  n ^ixeii  b\  the  e(|uation 

«os  iO'  - m)  sin!.  I vH  U) 

and  I . illustrated  in  Ttgure  U 2. 

.An  excellent  evuhiati»»n  of  the  particular  t\pes 
of  itdegrals  that  ap)Hur  in  tiu'  text  is  given  bv 
Hrekhov^kikh  (tUf»p)^  anil  the  reader  referre«l 
to  this  reference  tor  more  delaileil  discussion.  In 
the  rest  of  the  discussio:  M>iulions  to  the  integrals 
valid  to  the  second  order  in  kk  * are  used.  ‘I’his 
involves  using  the  sitomhorder  term*,  in  the 
llankeMunction  expansion  am!  then  taking  the 
asympt<»tic  solution  to  the  integrals  t«'  the  stTi>nd 
larder.  The  integrals  in  the  text  liave  lv\o  forms- 

ik  r 

/t  « I sin  0.t{0} 

2\\  J (H\2) 

’•//,'( ip  >*111  $).ii). 

and 


/. 


ik’^ 

211 


1(«) 


(li  I.^) 


T1k‘  solution^  (o  |h(  sreond  urilrr  are  n lo 


/ 


II  /f  I 


.Ko) 


I 


2l:k 


(M  H) 


I b » 1 1 f , o ) eol  tv 


and 

/ '*  /4*  si n o 


. I ( o;  - 

!l  A-  • ,’i  A 


[ 


I ^'(e. ) -f  i 4 o|  I b o ) 2 . ( l <r ) 


( li  I S) 


Solutions  ( li  It)  and  i IS  IS)  .or  \.ihd  .t  h»n;'  as 
.t(W,i  K .1  nIowIn  \,ir\ing  tuH»tM»u  «')  0 m.ir  llo 
saddh*  po'ot  (r  1 ho-  us  ainipt  miu  k \ .titil  pr*>\  idi  d 
.1  dii  d«M-^  u«»t  h.i\<‘  a ^tiigitl.14  poinl  in  .o  «v  In  (m 
4 \pression>  |of  f|»r  \.o'ou^  I .tpiM.oin;',  in  tin 
t4.\l,  braruh  p<iiiiK  and  pi»lr-%  •>!  ;i//)  ,irt  oi  ihi 

uimtot  inifHtr  I am  «’  in  (In  >i>hiliiin  II  i hr.iiun 
points  4»{  If/#)  ar»  tin-  4rMi4.1l  oigh  ul  t)o 

iMfund.trn-s  in  Jlo*  iiri*hl»m  I io  »rMn.d  .oigli  s 
i-nti-r  all  thr  I througli  tlir  irl.iin.n 

ios/b  * 1 1 ''in  I'  ■ ( li  lt>) 

tn  ail  tl)4'  l‘r(Nntl  iorliieu*Mt>  -.nb'^t  npti  d tf 
'The  rmiiea)  'Splits  the  ctonplt  \ tf  plain  intt»  t\\«» 
Ktemaiin  she4  ts  with  brain  fi  ihkhI-  at 

"iM  0,,  ( (M  17) 

k\ 

K4>r  ' - two  layiT  tarth  thirr  art  two  Unindariis 

whU  ive  two  < ritual  angii « .onl  u '>uit  m a P»ur 
sheet ei I plane  In  the  hall  >paee  larih  prot»|«m^ 
the  i'4implex  5 plane  is  two  slm  lid  l ln  cmivi-n 
thm  f4>ll4>wei)  thr4>ughmit  is  that  ot  taking  tin 
iMwitive  M)uare  f4M*i.  I’he  surlace  lUtim-d  in  this 
manner  is  ri  ferri-il  t4>  as  the  up|n  r Kii-mann  sur 
face.  I‘4»r  4»nr  lot  \ahtate  the  inli-gralN,  i)u  brain  h 
cuIn  trom  the  bram  h |»*iinis  mn^i  Im-  tU  (on*d  I In- 
tonvenl(4in  used  hi-rt  i>  the  s.imi  .is  th.ii  »il  UM 
.iml  lirekh*  v-.klkli,  w ho  th-lme  the  bram  h ltite>  a> 
thosi*  4 iint«air ' aloiig  whuii  tin  mi.uMn.irv  p.irl  ol 


/ 
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IMh'  i,  /.jM.  'I'h-  !.rar.«h  liiu-  j>  tiir 
cluiMi  hn  ‘ It  I uiir--  li 

i‘!u  I’r.tnrli  mu:  t t iLt  i<  .u  n-nn* 

l<-r  ,itK’  ) iti!  a I It;' I > :;i  a tt  r lli  m <r  \ > il  in 

!r;th  u !t'  i ii'  irr  It  \ tci  -a  , m ■►r-K  r ♦"  it>  !<irm 
t* -ntoi.r  (’  m’o  I\  *hr  lirimli  ('•'  nai'-l  Im- 

ii'**".**;  ' .1  111!  - Ill'll  1<  ti-  tjl' 

'« 1 "inil  . I'o,’  : c;  ! t;-:r<  U ^ \ !n:i-  a- 

(j  ati  ! \\  il  |».ii  a 1 1 •!,  l!ir  ' ulilli-  jn'inl  a in! 

!»ra”('  ’Himt  (mp  ' ril  uit  ,■  m ^ <a:i  In-  r\alti:t  i! 
•'ilMiah  1>  ' In-  poMr ti  o*  tin  lir.imli  |Mant 

\ a s.  t imd  i»ril'  r i Mm  ! t M 1 , !*>  1 1 ) .n  Iomi;  as 
u »ind  an  ap|H"\m'a!‘  i\  Inatlt^n  i>l  tin* 
l»r«nilt  |Hinit  o'nM'mtinn  ran  !»•  i»l»taimil  iNinti 
tlip  mrtli'*'!  f'!  t ,|H  \ ilr-itM  In  tn'in  ral,  a is 
»t‘»lainp(M*\  cl  >.t  It  it  mt;  ri  r«|Uati«>n  ( It  11). 
In  t'n*  p.'M’i  liar  i i « ot  tu«>  pert,  cl  »lii  Ii  ctric 
nutcriaN,  ; a:  <\  /,  lormlni;  flu-  Ixnindarx, 


riicsitqnsi  lii  M . wiluatioti  ♦»!  ihi-hraiull- 

{w»inl  uMi i film! ion  i'  Minmiari/i'il  .is  ioll4»v\s:  '\  In* 
cn»  int.t»ral  ha^  ihr  I’urn^ 


•'  "•//’(/',/»  sin 

v.lirn  llic  cimtour  h iun>  tnmi  i r,  \i,  (/'  mu 
!i  It  ol  the  lir.ru  h ml  .mil  timn  »o  t 

al'>n;i  the  n;»ht  o|  the  hraiuh  ci»l  |•‘^lr  ap|»n*\' 
nialr  cv aln.itioip  / ;,  ts  r»  writti  n 


when  the  llunket  I'unction  Iun  hren  n placed  l»\ 
ifie  tir>.!  term  oi  its  asvmptntu  (*\paiNion.  l ln 
super>icrit>ts  4 ami  - on  denote  the  si;;:i  oi 

the  radical  in  t«ju.illon  ( ll-|f»}  t.iken  in  .Htf.h  a*nl 
the  eonuatr  />'  ru  s lr*m»  fi,j  to  iv,  , I'ht  ^ nlour 
h'  is  detorined  into  the  sti-4  pi  .t -descent  mntour, 

, avs.t^  ir*#iM  I he  tMth  oi  st<'tpe>t  desiaait 
N tleliheil  hy 

Ini  o»s  --  ' loiisi.iiit  ( i;  jj} 

atel  is  dliisl rated  hy  the  ihntul  line  rn  l ianre  li  <. 
nil  the  a .umption  that  that  only 


In  •> 


t it.  i;  i e uiit  ttoMtincutioii  ol  !«IU  ooim  tMinoiir  l‘  lo  lotitoiif  /t  m oidei  toanouM  •••r 

'iranch  lu.nn  e.i:nr,t»m**,»i.  and  fiath  • \ si  »t*  avr.i  Molted  fine) 
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nnv:li‘s\rr\  i lose  lo  contn  but  r si^mlu  .mtl\  t*» 

llu'  can  be  "ft  ocjua!  in  .ill  r\i>ri  s 

sums  in  the  intrj;r«in(l  except  b»r  the  i.niieal.  In 
^em  ral, 

A^(6j  - A ((?.)  - fW  eos^,,  ( » 2.M 


1 


and  the  integral  is  apjiroximately 


2II 


1-  .U,  ' I - t '4 


kearranj^nni:  <'|!M»inn^  'It  Mi  .in.'  i|;  '.st,  ,,fi< 
linalK  obtain 


ik,  c ‘ ^ 

/ H - 

2\\p^  U:] 

{ 1 — eo;  a'  lan  0 .) 

. ^,1*  i/t  Rl.l  <*?  •*',  / 


{ I' 


eos 


For  low  loss  media,  is  close  to  the  real  axis  lor 
k't<kt  or  close  to  the  n 2 line  tor  k,<kj  in  tlu‘ 
complex  0,  plane.  The  melliotl  ol  solution  of  tlie 
integral  in  eijuation  tH  -M)  i-.  sli}»iilly  dinVrenl  in 
(he  two  Situations,  iRit  the  reMihs  ari'  uhnlli.il 
Hen*,  tluMyf;  will  be  assunud  » lose  to  the  real  axis. 
I'he  approximate  solution  w valid  lor  near  the 
7T  2 line 

.\loii!.:  the  sttipi.a  descinl  contour  near 

f?.  ^ e\,  + in,  (H  25) 


where  ii  is  much  less  than  umtv.  Then, 


cos  6j  ^ 


(H-2f>) 


and 


iktR  cos  {B,  — ik\K  cos  or) 


(B-27) 


The  integral  in  equatii  n (H-24)  becomes 


- i>  *"V2 


4 ^ 

^ %k%ff  «•*  « I 


(M  2S) 


\ U C 


Now,  the  integral 


which  must  be  a<Med  to  e.jiMtion.  II  Ml  .md 
when  «><¥''. 

'I’he  assumption  in  the  -.;i.Idh  .md  steep 

est-descent  techniques  tl..it  / A‘  1 i-  na  .niiablv 
valid  w!um  R is  i^naliT  th.in  r-’.o  u,i\  Mi 
.since  k>2ir  an<|  L R%'  to  uh*  o A*  » J 

The  poles  ol  the  iiitier.ouis  .ir.-  .il.i  nl  im 
port. Mice  in  the  soluthins  hiM  i s|<>m  nl  linn  mh 
m tin  sftlntioiis  is  given  m the  t*  vl 
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ported  this  wnris 
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RADIO  INTERFEROMETRY  DEPTH  SOUNDING: 
PART  II— EXPERIMENTAL  RESULTSt 
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In  ^ucll  iii^hly  rcMMivr  moloj;ic  unvironmcnts 
Us  ic(‘  shn  t«;,  >;ilt  la\tTs,  ami  the  moon’s  surlare, 
radio  \Naves  penetrate  witli  little  attenuation, 
rite  field  strenj»tliN  abiuit  a tran>mittinK  antenna 
placed  on  the  surface  of  such  ait  environment  e\- 
hil)il  interference  nvixima  and  minima  which  are 
indicative  of  »lte  in  situ  electrical  properties  and 
the  presence  of  subsurlace  la\erinjr. 

Kxperi mental  results  from  an  analog  scale 

INTRODUCTION 

'rhe  attenuation  of  elect romn^nelic  waves  pmp- 
a>?atin«  tlirou^h  terrestrial  rocks  is  extremely 
hij;h  due  to  the  nmislure  content,  as  a result,  I'AI 
met  lux  Is  in  the  radu)-fre<|uency  ranjie  have  n»)t 
found  ^(eneral  use  in  exploring  the  earth.  A lew 
highly  resistive  geoloj^ic  environments,  such  as 
ice  siicets  (Kvans,  1065,  10()7;  Jiracek,  |0f>7) 
and  <lry  salt  layers  (Unlerber>»er  el  al,  l‘>7(): 
Holser  et  ul,  l‘)72),  are  sulViciently  dry  to  be 
transparent  to  radio  waves.  'Phe  ui)permosi  lay- 
ers of  llic  moon  are  also  very  resistive  (Strang;- 
\say,  IW);  Saint-.Vnuint  and  Sirangway,  b^70), 
and  typical  attenuation  distances  (or  skin  depths) 
b)r  lunar  material  are  shown  in  I'igure  I. 

In  these  materials,  KM  waves  propagate  with 
little  attenuation  and  are  useful,  in  theory,  for 
depth  sounding.  'Phe  Surface  Klectrical  IVoper- 
ties  Kxperiment,  which  was  developed  for  Apollo 
17,  Uses  such  a method  li>  measure  the  electrical 
properties  of  the  nuxm  and  to  search  for  layering. 
J’he  method  is  based  on  the  interference  pattern 
generated  between  various  radio  waves. 


mode’  and  from  field  tests  00  I wo  glaciers  are 
interprele<l  on  the  Ixisis  ot  llte  iheon  tii  al  results 
»»t  Karl  1 ll  the  up[>er  l:i\er  is  thick,  the  pattern 
is  ver\  simple  and  the  dielectric  constant  of  the 
laser  can  l>e  easily  delermiiu-d.  .\n  upper  Imund 
on  the  hiss  tangent  can  be  estimated.  For  tliin 
layers,  the  depth  can  be  determined  if  the  loss 
ta.igeiu  is  less  than  about  0 10,  and  a cnnle  esti' 
mate  of  scattering  can  lie  nuule. 

'PluHirctical  Ixickgrouml  to  the  mtlliod  and  a 
general  introduction  \o  this  senes  of  papers  is 
presented  in  Karl  1 b>  ,\nn.in  (1075,  j>.  .^57).  In 
preparation  for  interpretation  of  lunar  data, 
liave  tested  the  metliod  both  in  llu*  l.dxiratci 
with  analog  scale  imxlels  using  waveU  iigths  in  the 
centimeter  range  and  in  the  field  on  glaeiers  using 
wavelengths  about  the  same  as  wdl  be  used  on  the 
moon.  Pliese  results  are  presented  hen*. 

INTBRHRHOMRTKY  lEC.HNIQUF 

Riulio  frecjuenry  interferometry  is  de 

scribed  simply  as  follows:  \ transmitter  and  asso 
ciated  antenna  on  the  dielectric  surface  generate 
RF  waves  wdiich  are  received  and  amplified  at 
some  distance.  Several  waves  reach  the  receiver 
- c.g.,  A,  B,  and  ('  shown  in  Figure  2.  Because 
the  various  waves  travel  difTcrenl  distances  and 
or  at  ditTerenl  velocities,  they  interfere  witli  each 
other.  The  interference  pattern  can  be  generated 
in  one  of  two  dilTerent  ways.  Kit  her  fre<|Uency  or 
distance  can  be  varied,  holding  the  other  constant. 
Frequencies  of  5(K)  kh/.  to  50  Mhz  and  distances 
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FREQUENCY  (H^) 

I'm;  1.  AtU'iUMiiofi  disiuncr  in  lunar  <^urfacf  rnalorial  1.  Weaver  (1%5)  tlu'inuil  ;‘missnin,  2.  Tvli  r (l%S) 
l>ist;nic  radar;  t’hun^  it  nl  (1*>71)  ipioouv  sample  12002,58;  1.  Kat«ulic  and  ('oUeU  (1071)  Kteui.t  sample 
m0f)5,  5.  Ka’  iihr  and  ( ollett  (1971)  lines  simple  !(X)84;  0.  (iold  ct  al  (1971)  trnes,  various  de»is|iifs  I hr  lr«* 
ijuency  ran^e  in  !»r  used  in  the  Surface  r.lectrica)  Properties  l Aperinunt  on  Apollo  17  is  market!  ‘S  I P.’ 

ol  a few  meters  lo  a few  kiUimelers  are  charae- 
lerislie.  Mtt\ve\er,  it  is  not  leasilde  now  lo  ImiM  :i 
tuned  sweep  l>et|Uene\  unienna  that  ^ives  inter- 
pretahle  results  over  our  fretjuency  haiul  of  in- 
terest; thus,  we  restrict  ourselves  to  the  variation 
ol  tiistance  t)f  .i  few  fixed  frequencies. 

Two  criteria  must  he  met  for  the  RKl  method  to 
etTectively  tleteet  anti  tlelermine  depth  of  a sul)- 
^urface  boundary.  First,  the  tlielectric  metlium 


must  have  a loss  tangent  h“ss  than  aliout  0.1,  or 
tlu‘  ampliUiile  of  the  waves  that  travel  in  the 
medium  will  Ik*  loo  low  to  inter  fire  well  with  the 
direct  wave  - i.e.,  the  medium  probed  must  Ik* 
transparent  al  the  frequency  Used.  Second,  there 
must  e.\ist  a contrast  in  electriril  or  maKiulic 
p'^nperlies  below  the  surlaci*  in  onliT  to  reflect 
enci):y‘ 

Sexnral  waves  are  Kcneraled  wldcli  are  ini- 
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l‘u;.  2.  'riH*  l*ttsic  intorfvMimctry  conci*|»l.  rhi*  initTferciice  of  the  «lirt*cl  wavcH  A imhI  H 
uiut  I hi*  rclicctnl  wavt*s  ('  n»eusufi*<l  at  ihc  receiver. 


fMtrtiint  near  the  source.  Their  Ki^mictric  rdalions 
arc  illuNiratn!  in  Fixture  A.  'Fwo  sfilnTical  wavis, 
A anil  travel  ilireclly  iM-iwivn  the  transmitter 
ami  the  rm'iver.  Wave  V travel  in  the  U|i|kt 
mnlium  tair  or  vacuum),  ami  wave  A,  in  tin- 
earth.  Since  thesi*  waves  havt*  ililTerent  veliH'ities, 
they  will  interfere  with  each  other.  This  inter 
fert‘iHH*  ttives  a nteusiire  of  the  ilielectric  constant 
i>f  the  lower  meilium,  since  the  greater  the  ilit 
ference  in  the  vt*locities  of  these  two  waves,  tin* 
Kreater  will  Ik*  the  interference  frei|uency. 

The  tlauk,  hrni,  or  lateral  wave  H ami  tlie 
s|>lierical  wa*  l \ «ive  the  transmit linj;  antenna 
a highly  ilirectional  radiation  pattern  'I'he  lateral 
wave  siitisfies  the  boundary  nmditions  ini|>osed 
by  wave  ('  at  the  interface,  since  the  Imri/ontal 
phase  velocity  of  U in  the  earth  is  the  same  as  that 


Fm.  A.  Wave  fronts  at  the  air  dieUrtrie  iMiinid 
ary.  is  t^l*  mdltd  dfo*rtion  from  iliesmiree.  Meillum  I 
is  air  or  v.u  uinn  b..,  a and  imiHuei  II  is  a die!t*eirir 
. ‘ I tt  S'lherii-al  wave  |ine*a«atine  radially  in 

me  Hum  II ; R is  a lu*a«l  wave  nrotaetatine  downwanl  at 
the  erUlcnl  analt*;  (’  Is  a si»herieal  wave  pmttaaatina 
radtnlty  in  nuHlium  1;  and  />  is  an  inhonm«em*ous  wave 
tmH»aaattn»  radially  in  medium  I,  hut  attenuatlnK  ex 
{Kmenttally  with  hdght. 


of  wave  r in  the  upper  mt-iliiim.  To  have  the  same 
hofi/oiital  jihase  velocity,  wave  li  protKiKatc*s 
downw'ard  at  an  an^le  fi  as  shown  in  Fi^tire  A. 
'rhis  anKle  is  the  att^le  <tf  total  internal  retUt  tion 
lu’tWTen  the  tw<i  media  familiar  to  M*tsmolo|^ists, 
<lefine<l  by 

. / •« 

sitijS  ^ ^ ^ 

wliere  the  critical  an^le/i  is  the  an>*le  between  the 
negativf*  s axis  and  the  rliri*ction  of  pro}taKation 
tif  wave  B,  and  is  and  ti  are  the  dielectric  con- 
stants t»f  the  upper  and  lower  nunlia,  resiH-ctively 
(assuming;  nonmaKnetic  media).  1'he  amplitudes 
of  A and  H are  largest  in  the  dinition  1 his  fea« 
ture  is  im|)4>rtant  in  KFI  depth  soundini;  since 
energy  is  preferentially  transmiUed  dtiwnward 
at  an  aitKled* 

'Hie  spherical  wave  A,  traveling  in  the  lower 
nuilium,  also  has  a complementary  wave  which 
matchi-s  the  Inmndary  nmdithms.  An  inhoim»Ke- 
tusnis  w'ave  I)  is  pruiluced  at  the  surface;  this 
wave  pr«»|mirates  ratlially  fn»m  the  Miuree  with 
the  vi-lmdly  of  A,  but  iltYiiys  exponentially  with 
height  alM>ve  the  surface,  'rids  wave  is  signiruant 
near  the  iHUindary,  hut  its  efftYl  decrt*as«‘s  as  the 
riYi-iver  moves  away  frwn  the  surface. 

A “critical  illslance’*  r,  is  ilefined  as 

r,  « (2) 

when*  f/  is  the  tU*|ith  to  a plane  !iori/.oiital  re 
tiector.  ThriY  general  n*ghins  exist : the  near  held, 
where  Ihe  transmitter  rireiver  distann*  Is  much 
less  than  r. ; the  region  near  the  critical  distance, 
when*  the  bulk  of  the  reflected  twrgy  arrives; 
and  the  far-ftetd,  well  beyond  r^.  In  the  iiear*hetd 
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tiu*  iiilr:  utioii  bvlwccii  flu*  two  >|»lu-ririil  wavrs 
A ami  ('  il4»mimiU‘N  aii«i  can  1h-  ummI  to  tncasurr 
till*  ilitlcclric  constant  of  the  tipp«  r la>cr  As  the 
transmitter  receiver  (iislame  approaches  r. . s^v 
era!  jlilTcrent  waves  with  nniKhly  cotttparahle 
ma);nitu()c.s  arrive  ami  produce  a ver\  confusiti^' 
intertcrence  pattern.  In  the  lar  lield,  imdliplt* 
rctleilions  are  itn}Hirtanl,  ami  <ml\  the  normal 
motles  ot  tile  s\stem  iiropa^ate  with  low  attemia 
liim. 

I‘‘nim  data  ohtatiu**!  in  the  three  regions,  tliree 
piws  of  information  can  he  d<*hTmined.  'I’he 
lOHsittni  is  related  simply  to  the  spatial 
frequency  in  the  near-held  Thv  tirftlh  to  an  inter 
face  can  he  rou^hls  estimated  from  the  dielect rie 
constant  and  the  critical  distance.  Thin!  llu- 
shape  of  the  curve  and  the  numher  of  far  held 
|K*aks  are  indicative  of  the  !oss  ttin^rnt  4»f  the 
u|>|H*r  la\  er. 

Two  different  conlij'uratiunsof  ef|uipnu‘nt  have 
been  iisnl  in  our  tests;  namely^  lutri/oiital  electric 
fli|M)le  sourct*s  with  maftnetie  dipole  ree»'ivers  fi»r 
held  WHirk,  and  a vertical  ma)];netic  ditN>le  .source 
with  an  electric  dip<ile  receiver  for  early  anahiK 
scale-imMlel  stutlies.  Hoth  hort/^mtal  chTtric  and 
vertical  magnetic  di|M»les  pnaluce  {niri/ontally 
|a>lari/.ed  waves.  Sitiee  tin*  K held  ptdari/aliim  is 
then  perfumdicular  to  the  plane  of  incidenee,  the 
reffection  cm’llicieiU  does  not  >;o  through  I lie 
Brewster  a.ijjle  null,  wliicli  is  associateil  only  with 
waves  polari/ed  tn  the  plane  of  incidetuc  on  the 
assumption  <»f  mmmaKtietic  materiaU. 

1*he  general  conh^uratiim  and  notation  used 
are  shown  in  Figure  4 for  the  electric  <li|w»Ie.  Phe 
<li|>ole  is  on  the  surface,  extends  atoiiK  *he  v-axis, 
and  traverses  are  run  ortho»timal  to  it.  For  this 
conhjturation,  approximate  theoretical  solutions 
for  com|)4>nenls  //.  (vertical  ma^tnetic  held),  //„ 
(radial  maRnetic  field),  and  /»‘^  (tanRential  electric 
field)  have  been  found.  The  other  cominments 
are  neRliRibie  for  the  case  of  infinite  horixontai 
plane  Inmndaries.  Nonmagnetic  materials  have 
been  assumed  throughout  so  that 

Thrtx*  cases  involving  Infinite  plane  horizontal 
layers  have  Wn  stuilied  theon*ticall> : 

(a)  the  half-s|>ace; 

(b)  the  two-layer  earth  with  a tH*rfi*ct  reffector 

at  some  depth;  t.e,,  either  «t— or  tan  so 

that  the  reflection  coefficient  of  the  lower  Imun^ 
dary  is  always  unity; 

(c)  the  general  two-layer  earth  in  which  tijK'ti 
and  tan  5i3stan  dt.  For  the  cxpiTimcntal  results, 


tin*  malerial  proprrties  are  such  tliat  oid>  tases 
(a)  ami  (b)  nerd  (♦>  b«*  con>id<*n*d.  'rin'ortlical 
computations  are  c<uiipaml  with  IhmIi  scale 
nUMlel  and  ghieier  held  data.  First,  Imwever,  ;t 
brief  descriptinn  of  tin*  scale  lHi>del  aild  the  fieM 
tests  will  be  given. 

ANAfoo  .sc:Ai.i>:  Moiii-a. 

Scaling  of  an  4*lec!romaguetlc  imMlel  i parllcu' 
larl\  simple  when  the  camductivitx  is  negligdih- 
'I'he  wavelength  is  inversely  proportiiinal  to  the 
fr<*quency  use«l,  and  all  other  relalituis  remain 
invariant,  fn  our  scale  mmiel,  we  used  microwaxe 
frei|uencies  with  free-space  wavehmglhs  of  .<  to  5 
cm.  Ity  scaling  all  data  in  terms  4»t  wavelengths, 
miHU'l,  field,  and  theoretical  results  can  readily 
be  compared. 

'Phe  first  scale  mmlel  con.stste<}  of  a klystron 
.s«>urce  at  10  (Jhx  feeding  a vertical  magnetic  slot 
antenna,  a small  ditule  rmdver,  a traversing 
system,  and  an  automatic  reconling  arrangement. 
'Hie  rlielectric  Used  was  ilry,  pure  quartz  .sand 
(IfiO  mesh),  and  the  reflector  was  uti  aluminum 
jdate.  'Phe  plate  and  saiul  were  contained  in  a 
plywtHHl  box  with  sides  that  stop4*d  tiut  at  alMuit 
15  tiegrirs.  1'he  h»>x  was  approximately  ,tt)  wave 
lengths  long  and  1 5 wavelengths  wide,  at  the  b<»t 
tom.  'Phe  sc’tup  is  slmwfi  schema  I icully  in  Figure 


I*' Hi.  4.  General  cunfiguratUm  «»f  a hori/ontal  electric 
tlipole  over  a twodayer  earth,  t,  is  the  n»nl  ilielecirtc 
constant,  is  the  |>ermeahiUty,  ami  tan  is  the 
tangent  uf  the  fth  layer. 
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I'  UJ.  5.  *rht  analog*  sculv  niiMH.  Tlu-  (niMsmillcr  Ha>cotn)inxMl  of  a kUslnm  luU*  railiatitiK  a»  10  (ill/  into  a rec- 
tangular wavi*j;ui«le  A vertical  nuitsuvtic  !»li»t  untetina  wa^fontuMl  Uy  a nlit  at  thccml  of  the  v^avej^uule.  'I'he  tiuiiMuit 
ter  couh!  Ih‘  rais<Nl  m loweri‘<l.  Sjj*naU  were  u*rejveH  l*y  a Mnall  iHinle  which  couu!  tiaverju*  for  alxHit  20v\ave)ent*th'^ 
ut  any  heij:h*.  Ihe  illelectric  uhimI  wasijuait/  nhiiiI  atul  the  retlector  was  a llai  alumimtin  plate  Kereiverl  sii»nal 
strenj{th  versus  retviver  )N>siii<m  was  uatonUsI  <liret‘ll\  on  an  N V reconler. 


5.  A later  version  of  the  scale  hum  lei  usin^  Ira  its 
former  oil  as  a litiuid  diojectrie  has  ats(»  pruvni 
very  siieeessfuL  1’lie  trauHiniller  and  reeeiver 
were  small  eleetric  «Ii|M»le>,  operated  at  O (»lu, 
and  the  nunlel  was  contained  in  a lattk  lined  %villi 
microwave  absorhin^  mattTial. 

The  valitlity  of  our  experimental  arran>:emenl 
was  initially  tested  by  comparing;  mm  lei  resulN 
with  tlu*t»relical  predictions  for  a very  simple 
case.  'I’he  transmitter  ami  receiver  were  Inith 
placcfl  at  heiftht  h alx>ve  the  alumiiuim  plate 
without  the  sand. 

prom  Part  the  KM  radiation  from  a vertical 
mafrnetic  ditH>le  at  heijtht  //  over  a mu^m‘ticiill\ 
uniform  half  sfuice  is  descrilM*d  cotnpiriily  by  the 
vertical  magnetic  Hertz  vi»ctor,  ftiven  by 


A’  =■  tr’  + (I  - //)2|t  = r, 


(4) 


and 


K*  — |r-  f (3  "f  //)^n  ^ l^‘  + (5) 

'I’he  tangential  electric  held  A.V  I hen 
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where  kn  is  the  wavenumber,  A*«,  i>  the  relleelion 
c<H‘(Vicient  at  the  iHtumlary  (s  ^O),  A*  is  the  direel 
distance  to  the  receiver,  am!  N*  Is  the  di^iamv 
traveled  !>>  the  retlecleil  wave.  It  the  lM»nndar> 
a p4*rU‘ct  rellector,  A\m^ — I.  l*or  the  receiver  at 
height  //; 


Then, 

KirJi) 


p ai,r  y Jv 
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where  — iwm{4jrV^*)  arbitrar>'  scal- 

ing facU>r  for  a unit  magnetic  <li|H>lc,  r is  the  trans- 
mitter-receiver seiMtralion  in  wavelengths,  h is 
the  transmitter-receiver  height  abtive  tlie  rellect- 
ing  plate  in  wavelengths,  and  X is  the  wavelenglli 
in  free-i^Mice. 

fl'ypical  ctimpariaons  lietween  tiu*ory  ami  ex- 
periment are  sh«)wn  in  Mgure  h.  1‘he  agreement  in 
the  position  of  the  peaks  is  very  gtKxl.  Although 
the  amplitudes  are  on  an  arbitrary  scale  and  are 
therefore  not  directly  comparable,  the  ratio  be- 
tween each  theoretical  and  experimental  peak  is 
ai^roximately  constant.  Experimental  deviations 
from  theoretical  solutions  are  not  large  and  are 
primarily  due  to  reflections  between  the  trans- 
mitter and  cither  the  receiver  or  the  sides  of  the 
liox.  The  gootl  agreement  InHween  calculate* I and 
measured  curves  was  ftaken  as  the  main  pnxif 
that  the  experimental  arrangement  was  satis- 
factory to  measure  interference  between  various 
waves. 

OUCIXa  P»LD  T8STS 

/ulradadtofil 

Ice  is  one  of  the  few  terrestrial  rocks  with  uni- 
formly high  resistivity.  Resistivities  of  10^  to  10’ 


ohm-m  have  !>een  measun**!  consistently  (e.g., 
KiUhlisberger,  I0(>7;  Keller  and  Erisdtkmdit, 
J%1).  A few  glaciers  have  Iwm  carefully  map|H*d 
and  are  accessible  bir  field  tests.  We  si*lecle*l  two 
im  which  to  test  the  RFl  technique. 

'I'he  rlielectric  properties  *>f  ic«*  and  snow  have 
been  reviewed  by  Evans  tl*xo;.  1*he  dielectric 
pro|M»rti(*s  of  glacial  ice  and  s»iow  have  been 
stUflied  in  situ  by  Watt  and  Maxwell  (tOfSI)  and 
by  Watford  ( 1 W»K).  *l'wo  parameters  are  important 
the  dielectric  consUint  and  the  loss  tangent. 
Ice  has  a relaxation  in  the  audio  frequency  range, 
but  unlike  many  dielectric  materials  has  mme 
near  the  railio  frequencies.  Hence,  while  the  value 
of  its  dielectric  constant  is  frequency  independent 
in  the  radio  frequencies,  the  value  of  its  toss  tan- 
gent is  roughly  inversely  pro|K>rtiona!  to  fre- 
<|Uency  and  is  strongly  temperature  *le|H*n<!enl, 
From  1 to  .10  Mhx,  the  value  *»f  the  dielectric 
constant  is  3.20±0.0.S  and  is  fairly  inde|iemlent  of 
frequency,  impurities,  or  tempi-rature.  Ov**r  th** 
i,ame  freriuencies,  /‘tan  at  0*(\  but 

/•tan  5^0.10  at  — 10®C,  where  f is  Mie  frequency 
in  Mhx.  Although  the  eiTectsof  impuritu^s,  cracks, 
air  bubbles,  and  free  water  on  the  hws  tangent  are 
not  w'elt  undersUKxl,  the  values  for  lossc^s  in  gla 
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Fm.  6.  Typital  theoretical  and  expfrimental  curve*  for  ckllhratinn  of  the  scale  nuxlel.  Dashiil  line  is  iheoreiloil 
and  tnlid  line  is  scale  model.  Cui  ves  tor  u dctiih  of  3 wavelength&  are  on  the  left,  am!  for  5 wavek  ngihs,  on  the  nghl. 
No  thekeetdf  Is  present.  Scaling  is  different  for  each  of  the  four  curves. 
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Kio.  7.  CroM-scction  of  th«  Gomer  Glacier,  from  Swim  trtsmic  data. 


cicr  icc  arc  not  appreciably  different  from  those  in 
pure  ice. 

The  inverse-frequency  dependence  of  the  loss 
tangent  in  ice  implies  that  the  attenuation  of  an 
KM  wave  in  ice  is  directly  proportional  to  the 
absolute  distance,  not  to  the  number  of  wave- 
lengths that  the  wave  travels.  1'herefore,  the 
maximum  sounding  depth  in  ice  free  of  scattering 
bodies  is  virtually  independent  of  the  frequency 
used  by  any  radio  or  radar  technique  in  the  fre* 
quency  range  from  0.1  to  nearly  lOlNl  Mhz. 

The  dwrner  Ghcier 

The  Corner  Glacier,  located  in  southern  Swit- 
xerland,  has  been  extensively  drilled  and  map|H*d 
arismically  for  the  Swiss  Hydroelectric  System, 
and  a lon^tudlnal  section  of  the  glacier  is  shown 
In  Figure  7.  It  is  a di*ep  glacier;  the  depth  in  the 
test  area  to  the  postulated  water-tuble  is  about 
400  m and  the  depth  to  bedrock  is  5IN^  m.  It  is 
effectively  a half-iquice  for  the  interferometry 
tedinique. 

Equipment  used  on  the  tests,  run  in  Si*ptember» 
1969|  was  both  simple  and  portable.  *rhc  trans- 
mitter was  a General  Radio  KktOA  bridge  oscil* 
latoT)  which  fed  the  transmitting  antenna  through 
a ferrite  core  1 to  1 balun.  Two  types  of  trans- 
mitting antennas  were  used:  an  untuned  horU 
aontal  electric  dipole  and  a small  (X/iO  diameter) 
loop  as  a vertical  magnetic  dipole.  Output  power 
was  less  Uian  | watt.  The  receiver  was  fed  by 
rithcr  a 5«m  electric  dip<de  or  a Singer  single-turn 
1-m  dimneter  loop,  with  simple  broad-band 
matdiini  to  the  50^m  input  impedance  of  a 
Galaxy  R5M  communications  receiver.  The 
celver  output  was  read  from  a Hewlett-Fackard 
427A  poetise  vdtmeter  and  remded  manually. 

ndd  procedure  consisted  of  recording  held 
strength  about  every  \ wavelength  along  tra- 


verses away  from  the  transmitter.  Frequencies  of 
1,  2 4,  7,  and  10  Mhz  were  used.  Al#,  //„  and  Up 
coiiipoiients  were  measurcfl  for  both  horizontal 
electric  and  vertical  magnetic  transmitting  an- 
tennas. 

The  Athabasca  Glacier 

The  Athabasca  Glacier,  located  in  Alberta, 
Canaila,  has  also  been  studied  extensively:  a grav- 
ity survey  has  been  conducteil  by  Kana.scwich 
( tUfki), seismic  and  drilling  studies  have  lieen  maile 
by  Paterson  and  Savage  (1%.)),  and  KM  ami 
resistivity  soundings  have  been  run  by  Keller  and 
Frischknecht  (PXil).  A de|ith  contour  map,  re- 
constructed from  Paterson  and  Savage  and  show- 
ing our  traverse  line,  is  given  in  Figure  S.  1'hc 
thickness  of  the  ice  along  the  traverse  varii*s  from 
about  t.K)  m to  2S0  m. 

The  Athabasca  Glacier  tests,  run  in  March, 
IU70  used  a crystal  ctmtroHed  transmitter  that 
was  operated  at  frequencies  of  2,  4,  8,  16,  and  24 
Mhz.  Output  power  was  about  one  watt.  It  ftri  a 
ribbon-wire  tuned  horizontal  electric  difiole  an- 
tenna through  a balun  fecsi  network.  The  an- 
tenna consisted  of  several  numl»er-22  wires,  each 
cut  to  the  resonant  length  f<»r  a single  fre«|ucncy, 
lying  beside  each  other  on  the  Ice  surface.  kUich 
wire  was  cut  to  the  resonant  length  of  one  of  the 
frequencies  in  free  space  and  connectetl  In  parallel 
to  the  balun  feed.  Kach  wire  had  to  then  be  cut  to 
between  75  and  90  percent  of  its  length  in  order 
to  reflect  minimum  power  back  to  the  trans- 
mitter. 

Thb  antenna  was  experimental,  and  several 
problems  may  have  been  associated  with  its  use. 
The  amount  of  dipping  needed  to  retune  the 
vrires  after  they  had  been  placed  on  the  ice  was 
insufftcient  to  account  for  the  dielectric  contrast 
between  ice  and  air.  We  fee!  that  etch  wire  was 
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Fto.  ft.  Cofilour  mmi  of  the  AllmlKiiica  Glader,  ilmwn  from  iIh*  KviMnic  ami  ilrillitiK  itaU  of  l*ai«TMon  amt 
Saviffp  (1963).  HtirrMeHy  wUh  flqtihK  in  imUra,  urv  abimti.  Otir  inlrrfrnmH'trv  imviTsc  line  is  (Nil)  in  to 
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reactivvly  coupknl  to  the  other  win's,  which  then 
radiated  enerjo'-  Thercfwe,  the  longer  win*s  were 
effectively  long  antennas  (greater  than  a half 
wavelength)  for  the  higher  frequencies  amt  could 
have  radiated  significantly  off  the  orthogonal 
direction.  The  antenna  was  prolaibly  m»t  welt 
coupled  either  to  the  suiwurface  at  to  the  traverse 
direct  ion»  and  iqnirtous  reflect  ions  cmild  have  In'en 
receiveti  from  the  sides  tif  the  glacier. 

The  n'Ciiver  and  the  tiehl  procetlure  were  sim- 
ilar to  those  use<t  on  the  iiiarner  (klacier  witli  the 
foibwing  differences:  A smaller  i*m*diameter  loop 
was  used  foi  16  ami  M Mlu.  Readings  were  taken 
every  | waveleiqtth,  t«i  a distance  of  20  wave- 
lengths or  until  the  signal  was  tm»  tow  to  detect. 
Moat  traverses  were  run  from  NK  to  SW.  al- 
though a few  were  iin  fmm  SW  to  NK  with  the 
transmitter  dti|daii*«l  lo  the  SW  end  <»f  the  In. 
verse  lim\  Hotli  Hi  ami  ii^  iiimtioiieiils  were 
takeni  as  well  as  inir  traverse. 

aaaoLTi 

Tk$ 

If  the  boundvy  between  the  first  and  second 
byers  is  not  lmportant»  the  only  waves  which 
read)  the  receiver  are  the  direct  waves  through 
the  air  (or  vacuum)  and  the  dielectric.  This  case 


is  simple  to  Milve  tlu*oretically,  urn  I suites  of 
curves  have  been  compiled  for  the  //^,  ami  //, 
com|Minents  (see,  for  example,  Figure  •>).  There  Is 
very  gotnl  agreement  between  thw»r>  amt  exfM'ri 
mental  results  from  the  (iorner  (ilacler.  Figure  10 
shows  a typical  ex|H*rimentul  curve  and  a series  of 
tiuswetical  curves  for  various  dielectric  n>nstants. 
*l'he  interference  |»eaks  and  tmughs  align  Im*sI 
with  those  calculated  for  By  comparison 

with  curves  like  those  in  Figure  9,  we  have  esti* 
mateil  tie*  hiss  tangent  to  ’>e  less  than  0.07  ul 
to  Mhx. 

One  interesting  feature  of  bah  the  the<»retical 
ami  ex|H'i«mentai  half-sfiuce  turves  is  that  ri^  ults 
for  the  //|  ami  comiHinents  are  identical,  but 
the  ^H*aks  ami  troughs  of  tlu*  com|Mment  are 
shiftetl  } X away  from  the  irnnsnitMer  (s4v  Figun* 
II).  *riils  relulioti  iN'lwirii  the  itilerference  |ial- 
terns  in  //,,  l»^,  and  //^  prm  ides  a bisis  on  wtiirli 
to  delect  de|airtures  of  the  lields  from  Ihe  half 
space  n*sponse  which  cmdd  be  due  to  sub.mrfare 
reffectbns  or  scattering  from  surface  or  sutMuir- 
fact  irrcgularitits. 

Therefore,  in  a half-s|iacc,  RFi  can  easily  be 
used  to  determine  the  ilieiectric  constant  of  the 
upper  layer  if  we  know  the  positbns  of  the  peaks 
ami  tnmghs.  Theortilcil  results  imiicate  that  Ihe 
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Fib.  % T1WBWlt«il  lMlt-i|iM>ciinwf*r  BdMMiiccMMtMial  J.2  mnI  vBikm*  taH  tuwM*.  1N»k»  mmI  mMs 
■ft  ItiMilMiMl  for  Ui^hir  Im  luimlt,  biM  iMr  iwiiiiaM  da  mu  diUfK. 

hw  of  the  faijnT  ilom  ni4  ctMiige  the  pMiliM  w coni|th».KBactthcor«tie»!wilvti«0)i  hove  not  hevn 
the  pcshs,  bill  u the  hw  ilecrvoac*,  both  the  obtoiocilt  loit  after  iHTfurmino  the  motheiMtical 
ihotpiiew  of  the  miH»  soil  the  mmilier  of  ab>  maai|Nilolioni  cUuciumiI  in  l*ort  I,  oiipiwiimate 
■tmMe  |Mok*  iacteun.  By  mcowrim  «evefol  minicHcal  aiihttiano  have  hem  cumpilnl  ami 
ooinfKMimttitmaybepaHihktotlelcnaiaeiflhe  plotted.  Typiod  miite*  id  corvee  are  «hawa  In 
RiMMmfnenUhBvebeciiaiMedhynMNlaMacat*  Flpore  U to  Mortmie  the  rfcct  «f  chanRm  in 
terint.  dieleetrir  eiiniilaat,  Ihlchmiw,  and  hm  lanpmt, 

^ * of  the  Amt  Inyer.  Altb«an(h  the  elect:  . f Ihwe 

7W  luyw  Mrtl.’  Fr^«f  r^lwtir  par»metm  are  not  folly  laipaiable.  In  *«a>ral,  the 

Caleidntloni  for  the  two.|ayer  model  are  more  freqnency  of  the  lalttal  praluand  tromdot  fcitmM- 
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Fmi.  to.  Smml  ilMBomkat  ImK  i|mc«  curvet  and  an 
tttml«mud  ciirvv  Irom  llic  G«wiirr  Utaclrr  at  lOMlia 
(Hf  CQHifiaacfit).  The  ftucrimmtal  curve  Ims  ficakt  tad 
tmuclM  tittt  convi|iuiMl  to  ihv  theoretical  curve  for  a 
dielectric  CfUMlaat  of  3.2. 


oilivr  of  the  dielectric  ctmatant;  the  landtioti  of 
the  main  eoersy  peak  b determitint  by  the  thick- 
nm  and  the  dielectric  cimtant;  ami  the  nharp- 
neie of  ttit  pattern  chaiHcee  arith  the  lotii  tamcctil* 
For  thb  example^  the  ile|irmh*nce  on  Iota  tanaetit 
it  parlkoiarly  noticeable  hir  kma  tanicmta  in  the 
ranit  ^1  to  .OS. 

A eiilttt  of  anatof  tcak*model  pattmit  am!  the 
conetQtondtog  theoretical  curve*  art  tboten  in 
Figure  U.  The  dielectric  oU  had  a meatured  di* 
electric  cowdant  of  2.16  and  a lott  tatuient  of 
OJ0022.  In  general,  for  Uiieknetteit  greater  than  2 
or  3 wavetengtha  Ute  ;4a;rcefiient  in  both  poaition 
and  an^tnde  of  the  peak#  and  nulb  b peod.  For 
Ihiiuicr  byera  the  agreement  b pooreri  probably 
bccanae  the  theoretical  xidutiona  become  kaa  ac- 


curate (stH*  Part  I).  I li*Tm*net>  iH-lwtTn  «'x)H*ri- 
mental  anil  theoretical  rinailt^  in  tin*  near  tielil 
may  aisMi  Ik*  caUM*d  by  the  tlu*orrtieaI  appruxifna 
llonji.  Thiy  might  aim)  In*  iaus4*<l  hy  ^puril>us 
r«^ei‘ti(mH  in  the  ex|H*rimental  tank  from  uirv^ 
coiineiiing  the  traoHmitting  antenna  to  its  M.ure«*. 
The  other  maj«>r  <ltscre|ianey  Utween  the  two 
soluttons  b at  the  critical  angle  wliere  the  up 
proximal  ions  nwfle  in  the  tlusiry  ar«*  most  ^igitili 
cant.  However,  the  k*»«hI  agr**4nm‘»l  Iwlweeii  the 
oreticai  a mI  ^eale  ttitNlvl  riMills  ha^  given  ii>  e«m 
fhlence  in  Imth. 

*Vhv  roults  from  the  At  halm  at  lifaenr  are 
Ctmiplirated  by  the  fad  that  the  thick m>?.  of  the 
glacier  iiKTeaa’s  ahmg  the  iraverM-  with  a s|o|w 
of  a|)|>roximately  !:  10.  Since  the  general  theor> 
for  this  geometry  is  exlremi*ly  iltOieitlt,  an«l  Un% 
md  Ihtii  w’orkni  out  in  detail,  we  iim  iI  tht*i>relM*al 
curves  for  S4*veral  thicknesses  near  tin*  mean  tra 
Verse  thickness  for  comfmrison.  Such  a eom|iari 
mm  is  iH>t  alOigetlier  aivumle,  since  the  efTtct^  «»f 
a thickening  layer  depend  on  bdh  the  thickii«>s 
ami  the  rate  of  change  of  ihickm*ss. 

ComiMrbons  were  maile  lietwivii  data  niea- 
Mired  on  the  Athabasca  Ubcid  and  many  suiti's 
of  theoretical  curves.  It  was  found  that  the  family 
of  tluswetkal  cur\*e!i  for  the  kmtwn  parameU*rs 
of  the  glacier,  whim  roniparnl  with  the  expert* 
mental  ibta  as  a wlmle,  fittivl  latter  than  any 
other  sel»  although  there  was  sttnu*  ambiguity. 
Several  examples  are  shown  in  Pigun*  14.  The 
ex|terimental  data  were  .tin  thnmgh  a simfde 
1, 1,  1 running  average  filter  Uftire  plotting.  This 
hitering  enhanceil  the  main  features  of  the  curves 
by  riHlucItig  small  ramhaii  varmtions.  11ie  agrts  • 
ment  lietween  tliiiiretical  amt  ex|Nirinu*nlal  data 
is  far  from  fNvfect.  llowevtT,  if  it  is  rec«igiibis| 
that  liecausi*  the  thkkii«*ss  id  the  kv  U tta*reasiitg 
ahmg  the  travurse,  some  movisiut  of  the  im*asurtsi 
peaks  is  to  lie  ex|iected»  and  a riHistslent  pirtun* 
emerges. 

Figure  14  shtiws  ilata  iditaineti  at  2,  4,  K,  ami 
24  Mlia  on  the  .Atliabasra  (tlackv,  ahmg  with 
three  theoretical  curves  with  tIefHlis  l^acketing 
those  along  the  traverse.  As  the  lrec|uency  in* 
creates,  the  thickmws  of  the  ice,  mrasureil  in 
wavelengtha,  abo  increases,  to  that  «|uite  different 
curvet  are  found  for  each  frequency.  At  2 Mha 
the  curves  are  smcmih  ami  n*gubr  ami  the  agree- 
ment between  theory  and  experiment  b quite 
good.  At  4 hlha  the  pattemt  are  mort*  complex, 
and  although  these  are  similar  features,  the  the- 
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Fw.  If.  t1iciifrtic»l  haM  ^mC9  curw» «ml  rvMitl*  from  thr  Ckmirf  (SlMirr.  Snuice  U a h*iHmtat  ricctrir  tli|»4r 
at  to  Mhx.  'riMTorrilait  rjrvraan^  f««r  tlirirctrk  cimataot  iif  3.2  awl  a liiw  lamiiml  «if  O.CU.  l*0ik» atiil  for  tkc 

H#o>m|KifiCfit  are  iWflfil  awa>‘  from  tlir  tvanamillrr  «mr  half  wavrlmath. 
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oretical  airvi*a  ilo  not  com*!*|M»wt  raactly  to  tbr 
c^xprHmtftital.  At  K Mha  thr  nirv%*i^  are  complea, 
Iml  thr  agrecnunt  la  bitwr*  vafH'cially  the  tari(e 
firak  at  about  7 wavrlmatha  distance.  At  24  H ha 
there  are  many  fieaka  awl  trouxha  In  both  curvea. 
We  feel  the  la^  t»f  correbtion  between  theory 
ami  rxfterlment  la  larKely  iltie  to  many  ramhHfily 
icattemi  reflrclbna  In  the  ei|ierlmental  curve. 
At  24  Mhi  the  wavelength  of  12.5  m la  the  aame 
aUe  aa  many  crevaiaea  and  surface  rot^Hinm 
features. 

In  aummary»  aa  the  thMttiraa  of  the  iliricctric 
layer  increaaea»  the  InterCcnuce  pattcma  change 
from  curves  with  a few  wdbtMnnl  peaks  to 
curves  with  h^i  ^tial  freipiencba  and  no  large 
peaks.  These  features  are  seen  In  both  theoreticid 
and  nperimental  results.  The  fact  that  both  Up 
and  components  are  basically  similar,  although 

they  differ  in  their  fine  structure,  iaerrasrs  our 
cocMence  in  the  match  between  the«ir>*  and  ex- 
psfiment. 
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This  parameter  k easy  to  obtain  iHrectly  from 
tbe  data,  since,  as  sluHrn  above,  tbe  direct  akr 
and  sttbaurfacr  waves  interact  near  the  source 
to  give  a pattern  depetuletit  iwily  on  this  |ia- 
rametef.  If  the  air  wa%*e  has  a wavtwumber 
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where  X«  h the  friv  sfmre  wavelength;  awl  if  the 
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and  can  be  oldained  directly  from  the  ilata.  For 

ice,kiaU7Xs. 
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The  loss  taiueenl  can  be  eslimaln*  in  a ifualita- 
live  way  from  the  shar|Hieiks  «d  the  ysttenw  In  the 
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J I’llS  ‘ni*®"‘l“!  2*^  Aih«lHiic«  Glacier  re«ull»  at  (a)  2,  (l>)  4.  (c)  8,  and  (d)  24  Mlix  (a)  daubed/ 
MM  Ml  '"•“‘•Y*  Clwier.  M.,  2 Mha.  (b)  <b^/ 


MOT  fteld>  In  the  near  field  the  two  direct  wavea 
add  to  form  peaks  and  subtract  to  form  nulls.  If 
the  warn  are  about  the  umc  sise,  the  peaks  and 
nulls  will  be  sharp,  but  if  one  wave  is  much  lariter 
than  the  other,  there  will  be  little  interference. 

At  the  amplitude  of  the  sulmurface  wave  «le> 
creases  bdow  the  amplitude  of  the  air  wave,  the 


pattern  becomes  less  sharp.  An  envelapc  formni 
by  JoininK  the  (leaks  and  by  JoininK  the  nulls  of 
the  interfereiKe  (lattern  becomes  thinner  at  a 
rate  tletermined  by  (he  loss  Innnent  of  the  me- 
dium. 

In  the  (inrner  (Slarier  dtiln,  the  loss  lanitent 
was  estimated  to  lie  less  than  ».7/f  (Mha),  well 


tofifttr  et  of 


$n 

within  the  published  value  for  ice.  In  the  Atha* 
basca  data,  reflections  appear  to  disturb  the  two 
direct  waves  too  greatly  to  be  able  t<i  use  this 
simplified  approach. 

Depth 

An  estimate  of  t!ie  dielectric  c<»nstant  and  tlie 
critical  distance  from  the  held  data  can  be  ujt*d  to 
estimate  the  depth.  However,  an  assumption 
ab«»ut  the  dip  of  the  reflector  must  be  maile.  The 
meil.ud  fails  if  either  the  dielectric  constant  or  the 
critxal  distance  cannot  be  estimatetl  accurately. 

Scattering 

One  of  the  major  unknowns  in  the  application 
of  the  RFl  techni<|ue  is  the  effect  of  irregularities 
in  the  medium.  It  is  reasonable  to  believe  that  the 
effects  of  irregular  surfaces,  inhomogeneities 
within  the  dielectric,  and  objects  near  the  an* 
tennas  could  all  |H*rturb  the  measured  data.  One 
possible  way  to  remove  small  random  effects  is  to 
appn»priately  filter  the  data,  and  a simple  run* 
ning*average  filter  was  use<l  to  enhance  the  perti- 
nent features  of  the  Athabasca  (dacier  data. 

An  estimate  of  scattering  is  imfiortant  to  under- 
stand geologic  structure.  Ounng  the  Athalmsca 
trials  the  //^  component,  which  shouid  thiM)reti- 
cally  be  null  for  plane  horizontal  layers,  was  ob- 
served to  l>e  significant  (though  weaker  than  the 
other  coin|M>nents).  'MuTefiire,  //^  provide  I a 
measurement  of  the  scattering,  wliich  was  consid- 
erable at  the  higher  frequencies.  'Plie  similarity  of 
all  the  components  measuriNi  on  the  Uorner  (Jia- 
cier  on  the  other  hand  lmplk‘d  that  srattering  was 
not  significant  up  to  10  Miiz. 

CONCLUSIONS 

1,  The  KFl  ti*chnique  is  a practical  method 
with  which  to  stu<ly  layering  in  low-loss  dielt*ctrics 
(tan^<0.l). 

2.  Three  parameters  of  the  upper  layer  can  be 
estimated  from  the  data:  the  dicU*ctric  constant, 
the  loss  tangent,  and  an  estimate  of  the  thickness 
to  a reflector.  Measurements  of  i»v^.2  and 
^*tan  1-0,7  (/  in  Mhi)  for  ice  arc  in  agreement 
with  known  results. 

The  method  is  an  inexpensive  way  to  sound 
ice  ^eets  less  than  a few  hundred  meters  thick, 
and  could  be  used  to  study  low-loss  layers  on  the 
moon, 

4,  Further  work  Is  requirc*d  to  refine  and  quan- 
tify tlie  interpretational  procedure,  to  extend  it  to 


more  complex  ge<mu*!ries,  and  undiTstaml 
lK*tter  the  effects  of  random  scallererN. 
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INSTRUMENTS  AND  METHODS 

RADIO-FREQUENCY  INTERFEROMETRY— A NEW 
TECHNIQUE  FOR  STUDYING  GLACIERS 
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* AwTRAfTr.  A new  method  of  (Jeetrmuagnctic  founding  in  resative  ekrtriral  rnvinmmenU  Ims  been 

developed  for  uic  in  lunar  exploration.  It  is  applicable  to  the  study  of  terrestrial  glaciers  and  ice  sheets.  A 
horiaontal  electric  dipole  antenna  on  tlie  ground  is  used  to  transmit  power  at  frequencirt  r>f  1,  3, 4,  ft,  16  and 
3a  MHx.  A set  of  orthogonal  receiving  coils  is  mounted  on  a vehicle  which  traverses  away  fnMii  the  tram* 
I nutter.  Field  strength  is  recorded  as  a function  of  distance.  Waves  which  travel  above  the  surfare  interfere 

with  waves  from  the  subsurface,  aerating  interference  patterns  which  can  be  used  to  detrnnine  the  dielcTirir 
constant,  the  loss  tangent,  and  depth  to  rcHecting  horiaons. 

The  technique  was  tested  on  the  Athabasca  Glacier  in  western  Canada.  At  1,  a and  4 MHa  the  ice  was 
found  to  have  a didectric  constant  of  about  3.3,  a loss  Ungent  (tan  4)  which  is  roughly  inversely  proportional 
to  IVequency  giving  values  of  / tan  h in  the  r:mg«‘  ofu.35 1®  (where/ is  in  MHs).  ITtesc  values  eorresiHMid 

well  with  the  known  properties  of  ice  near  o'*  t',  which  is  a temperature  typical  of  temperate  glaciers.  It  has 
been  possible  to  determine  the  depth  of  the  ice  but  rrsuitt  are  not  always  consistent  with  previous  st*ismie  and 
gravity  surveys  and  with  drilling.  At  frequmcies  of  16  and  32  MHz,  irattering  is  the  dianinam  feature  of  tlie 
results.  At  8 MHz  there  is  a transition  from  clrar^ut  interference  pattenu  to  the  scattering  patterns.  Fnan 
these  findings,  we  suggest  that  the  Athabasca  (ilucier  has  a large  number  of  dielectric  scalterrrs  with  dimen* 
lions  less  chan  about  33  m,  probably  tlue  in  large  part  to  crevasses. 

Rksmsk.  Intnftrmelrie  4e  fri^wntts  rmfk  - tme  mjvtih  pmtr  Ntwk  dfs  g/adrri.  Une  nouvelh* 

m^thode  de  sondagrs  dlertromagin^iique  k travers  drt  milieux  ^Icx^riques  r^istants,  a M imaging  k fusagr 
dcs  explorationi  lunaires.  Rile  pr^sente  des  possibility  d'applicalion  dans  IVtude  d«*s  glaciers  if*rrestirs  et 
dcs  calottes  gUciaires.  Um*  antenne  c^hrtrique  dipolairc*  honzontalc  sur  le  sot  est  utilise  pour  Iraiismettre 
de  r^nergie  sur  drs  fryjuenres  de  1,  3,  4,  8,  16  er  3a  MHz.  Un  ensemble  de  bobines  ryeiMrices  disposAf 
ortlioguiiiilement  est  mont^  wr  un  t^hk‘ule  qui  cirrule  k distance  de  lYmrtteur.  I. 'intensity  du  champ  c*si 
mesitfy  en  fonrtion  de  la  distance.  Ia*s  ondt^s  qui  »e  propagent  nu-drstus  dr  la  surface  w cfmilitnent  nvei- 
celtes  venues  de  dessous  la  surface,  t*tigi*ndrfiiit  tic's  intrrf(^rc*nres  dom  on  peut  se  scTvir  |Jour  calniltT  hi 
constante  dklleririquc,  la  peric  en  langente  el  la  profcHKleur  des  horixiiiu  r^llec  teun. 

On  a eisay^  cettr  technique  dans  le  gtarkr  de  rAllutbasca  dans  rOuesi  Ckmadien.  A 1 , a el  4 MHz,  lui 
a irouv^  pour  la  gla^  une  constante  fhyectrique  de  3,3,  une  perie  dt*  tangenie  (tg  A)  <|ui  est  gmssifri'itieni 
invenrmentjproportionnelle  k la  fry|uemr,  donnaiit  des  vateurs  dr /ig  A de  Tordre  ae  0,33  h 0,35  (imi  ./  est 
en  MHa).  Oes  valeurs  correspondent  bien  uvee  Ics  propri^iy  connues  de  la  glace  au  vtibiiiage  de  o c:, 
temperature  lypique  des  glaciers  tenipe^.  On  a pu  determiner  Tepaisseur  de  la  glacr  mais  ies  resuliais 
ne  concurdent  pas  toqjours  avec  Irs  aiaienncs  mesures  sismiques  ei  gravitaim,  ni  avec  Ies  liirdagin.  Pcnir 
^ let  frequences  de  16  et  38  MHz,  la  dispersion  est  le  trait  dominant  drs  resultais.  A 8 MHz,  tl  y a um*  traiisi- 
) tion  etitre  un  net  phenomenr  d'intfrrerence  et  la  dbpersion.  A panir  de  ccs  constations,  nous  suggc*rfm8 

que  le  glacier  rAlhabasca  posiede  un  grand  nombre  de  dispersants  dieieciHques  mesurant  moins  d*envtn»n 
m,  probablement  en  raison,  pour  une  large  part,  de  la  presence  dr  crevasses. 

^ • Freient  address:  Department  of  Cieology,  Univt*niiy  of  Toronto,  lonmto,  Otitario,  C'oiiiada. 
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ZuiAMMtNPAMUNo.  — titu  neue  Aiilhode  fltr  GUistktfwnUfittehmtieH,  Ftir  drii 

Gebrattch  bei  dcr  Erfonchunf  def  Mofidct  %irurde  tint  neue  Mrthodc  dcr  rlrktromagnrtiichfni  l/itung  durch 
%iddertundindiige  ObcrfUkhaischichten  cntvrickelt.  Es  batrht  die  Mdglichkrit,  damit  irrrrftriMrhi*  (;ii*tM‘her 
und  Ekichtlde  xu  untersuchcn.  Eine  horizon  talc  dektrtKhe  Dtpolantmnc  am  Bnden  wird  dazu  brnuUt,  utii 
Bncrgte  in  den  Frequenzen  von  i,  2,^  8,  16  und  32  MHz  auszutendcn.  Ein  Hau  von  orthogimaJm  Lni|>* 
fanganmlcn  »C  auf  etnem  itch  vom  Sender  %regbewcgmden  Fahrzeug  befetttgt.  Die  Felditiirke  wtrd  ab 
Funktion  der  Endemung  auffezekhneL  Die  Wrllen,  die  lich  auf  dcr  OberHiichr  und  in  dm  daniiucr 
Itegendcn  Schichten  auilmtet,  erzeuM  Intcrferenzmuiter,  die  zur  fiestimmung  der  l^rlektriziisttilumstantr, 
der  Veriuittanccme  und  der  I'iefe  bdirbiger  ReflexumthoHzonte  verwendet  werdm  kdnnrn. 

Die  Methom  wurde  am  Athabasca  Cjlarier  in  Westkanada  erprobt*  Rei  t,  2 und  4 MHz  wurde  ftir  da» 
Eli  cine  Dieiektrtzititskamtantc  von  r.  3*3  und  etne  VerluiUangente  gefundrn*  die  angmAla^rt  un^kehrt 
proportional  zur  Frequenz  iit  und  Werte  von / tan  ft  im  Bereich  v<m  0,25  biio,33  (wobei /in  MH/  angegebm 
lit)  Dteie  Werte  ttiminen  gut  mit  dm  bdwnnten  Eignischaften  von  E»  iiahc  o"  C*,  d<T  < tiarakt«TUlt> 

uchcn  Tcinpcratur  tempcnciier  Glelicher,  Uberein.  Ei  itt  mdglich,  die  Ei^dk-ke  zu  bc‘ititiiiiK*n,  abiT  die 
Ergebnbie  itehen  nkht  immer  in  Einklang  mit  friihereit  Hohrun^m  »owie  srbmischrn  utal  gravimeirtM'lien 
Menungm.  Bei  Frequmzen  von  16  und  32  MHz  itnd  Streuungm  das  Hauptcliarakterintikuin  d<*r  Krgt*li- 
nine;  ba  8 MHz  liegt  cir.  Cbergang  von  wohidd'inierten  InterfnTnzmusirrii  zu  Sireuitiusiern,  Auftiruiid 
dtCKT  EffcbniMe  ichlicMen  wir  darauf,  daM  im  Athabasca  Glacier  rinr  grustc  Anzali!  vuti  Sireuul^ki<*ii 
vorhanden  bt»cnrm  Dimensionen  unter  r.  35  m liegrn  und  die  vemiutlich  zum  gr«isM*n  Teil  CiteiM'lierft|Kiiteti 
zuzuschreiben  lind. 

Introduction 

The  physical  basis  of  the  interferometry  technique  was  df*scribed  in  detail  by  Annan 
(1973).  The  practical  application  was  discussed  by  Rossiter  and  others  (1973).  'Fhe  plaiiiu-d 
use  of  the  technique  in  the  exploration  of  the  moon  was  described  by  Simmons  and  others 
(1972).  Only  a brief  introduction  to  the  experiment  is  given  here;  the  reader  intert*sti*d  in 
further  description  should  consult  the  references  above. 

A horizontal  electric  dipole  is  laid  on  the  surface  and  used  to  transmit  electronuq^neiii 
energy  at  frequencies  of  1,  2,  4^  6,  18  and  32  MHz  in  sequence.  A coil  mounted  on  a vehicle 
is  used  with  the  receiver.  The  vehicle  is  moved  away  from  the  transmitting  antenna  and  the 
field  strength  at  each  frequency  is  detected  and  recorded  on  magnetic  tape  and  on  a strip 
chart  recorder.  One  axis  on  the  chart  recorder  is  driven  by  an  odometer,  pmducing  plots  of 
field  strength  as  a function  of  distance  from  the  transmitter. 

Energy  is  propagaixl  from  the  transmitter  to  the  receiver  in  thret*  important  wavtrs  (Fig. 
I a),  l^he  first  is  the  wave  above  the  surface  of  the  ice.  Its  velocity  is  the  speed  of  light  in 
vacuum.  1 he  second  wave  travels  just  below  the  surface  of  the  ice.  Its  velocity  is  rnninillcd 
by  the  diclectrii  constant  of  the  ice.  ’/he  interference  between  thes«‘  two  wavt*s  is  used  to 
determine  the  dieU!ctnc  constant.  I'hc  third  wuve  travels  through  the  body  of  the  ice  and  is 
reflected  from  the  glacier  bottom.  Its  intcrfcrei.ee  with  the  other  waves  causes  modifications 
to  the  interference  pattern  which  are  indicative  of  the  glacier  depth.  It  should  In*  nottxi  that 
this  wave  is  reHected  from  the  l>ottom  at  different  places  depending  on  the  separation  laiwiTn 
source  and  receiver.  Since  interpretation  dcp<*nds  on  characteristics  of  tht*  whole  curve,  and 
since  glacier  depth  may  not  be  constant  over  the  whole  traverse,  the  measurement  n*preseius 
some  sort  of  mean  depth  along  the  traverse  line. 
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Fig.  t.  (A)  RiU^im  ^ TKtwtr  twm^mtnU  to  trmumittii^  mitemm.  Tfit  soporuript  H on  tkr  fitid  tomponmUt  douguntr^  thnt 
mtmwmtnU  are  taken  broadside  to  the  dipoie.  The  snptrseripi  PI  mdieatr%  that  the  field  eomponentu  are  measured  ivitk 
ftspeet  to  the  endfire  antenna.  The  snbseripts  ^ p and  z are  those  used  in  a right-handed  etlindrkal  eootdinatr  sfstem.  The 
IrasuottUii^  antennas  are  aetnaUy  eoineident  and  there  is  on(r  me  set  reteudng  antennat.  Fach  antenna  is  actitfated  by  the 
tranmUterfreeeiver  in  the  sequence  shown  in  Figure  a. 


In  the  present  instrumentation^  two  orthogonal  transmitting  antennas  arc  cniployixl* 
Three  orthogonal  receiving  coils  arc  mounted  on  the  traverse  vehicle*  By  traiumitting  and 
receiving  each  of  the  possible  combinations  in  sequence,  six  separate  pieces  ofinrotniatioti  arc 
recorded  at  each  frequency  (Fig*  a).  With  six  frequencies,  36  separate  records  are  obtained 
as  a functiem  oi  distance  from  the  transmitter*  If  the  traverse  is  run  orthogonal  to  one  of  the 
transmitting  antennas,  then  three  of  the  six  components  arc  maximum  coupled  and  carry  the 
interference  patterns.  The  other  three  components  are  niinimum-couplcd.  Ideally  these 
componenu  show  near-xero  amplitudes;  in  practice  their  amplitudes  prove  to  be  useful 
indicatm  of  scattering  from  the  subsurface  or  of  rcHections  from  lateral  inhomogencities  such 
as  valley  %ralls. 

One  way  of  interpreting  a set  of  field  data  is  by  matching  theoretical  curves  with  the 
observations  (Annan,  I973)*  Families  of  theoretical  curves  for  various  dielectric  constants,  loss 
tangents  and  depths  to  reflector  have  licen  computed*  'lo  date  our  theory  is  adequate  imly 
for  a single  horixontal  reflector  in  (he  subsurface*  It  may  be  a dielectric  interfacT  or  a pi*rfect 
(cmiducting)  reflet-tor. 

We  ch«e  glaciers  as  the  test  area  fw  our  lunar  experiment  because  the  high  electrical 
resistivity  of  ice  is  nearly  unparalleled  in  other  geological  materials  on  earth*  Bei  aiiM*  lunar 
rocks  are  expoi^  to  a vacuum  and  arc  exceedingly  dry,  their  resistivity  should  be  similar  to 
that  of  i^ier  ice,  and  quite  unlike  that  of  terrestrial  rocks. 
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THB  OLACtn 

There  have  been  leveiml  previoui  studies  of  the  Attuibasai  Glacier.  Most  important  front 
our  viewpoint  are  the  resitlu  reported  by  Paterson  and  Savage  ( 1963},  Keller  and  FriMthkneeht 
(ig6t),  and  Kanasewich  (19^).  IImm  studies  include  the  restdu  of  drilling,  st'isinie  and 
electrical  soundings,  and  gravity  surveys,  llieir  resulu  are  illustrated  in  Figure  3,  which 
qtecifidally  shows  the  depths  determine  by  drilling.  'Itierc  are  uncertainties  in  tlie  |m*« 
titles  of  the  thickness,  except  in  the  immediate  vicinity  of  drill  holes  and  M'isinie  MMinding 
points.  In  particular,  note  that  Keller  and  Frischkiiecht  (1961),  on  the  Imsis  of  an  electrical 
sounding  in  the  south«eastem  part  of  the  glacier,  suggest^  a tairly  shallow  depth.  'Iliis 
sounding  is  in  the  general  vicinity  of  our  sites  9, 3, 4 and  5.  Paterson  and  Savage  ( Mjlrj)  |N>int 
out  “thiU  there  is  tome  evidence  that  a bedrock  shelf  may  exist  on  the  right  (southeast)  rxlge 
of  the  glacier  . . .;  the  seismic  evidence,  however,  is  not  suDicimt  to  rstalilish  its  existetwre. 
Such  a shelf  has  been  indicated  by  the  resbtivity  surveys  of  Ketler  and  Frischkneeht  ( i<)6i) 
but  not  by  the  gravity  surveys  of  Kanasewich  (1963)”.  We  will  assume  therefore  that  tlar 
drilling,  seismic  and  gravity  results  are  the  most  definitive. 


Mtp sf ddshMW Osriw  dsitku  ImtHmu  rfilritt k$Ut  m»t aids  kkrfiftmrtty  itmumtUn  dtp, 
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Watt  and  Maxtvell  (i960)  measured  the  ekt  irical  properties  of  ilie  giat^itT  ire  in  rilw  «m 
the  Athabasca  Glacier  using  firequeiuriet  finim  90 1 lx  to  too  kHx.  At  tlie  higlt«frr«|ueiM7  limit 
they  showed  that  the  ke  had  a dklectrie  ctNistant  of  about  3.9.  'litis  valmt  is  lypical  lor 
pure  ice,  and  in  general  the  value  b frequency  and  temperature  independent  fnini  iwi  kHx 
to  I 000  MHx  (Evans,  1965;  Oudmandsen,  1971).  Also  the  depths  of  glacier  ke  as  measured 
by  radar4oundiag  flM  studies  agree  well  with  drilling  results,  if  a dielectric  comtant  013.9 
h aaumed  (Oudmandsen,  1971). 

The  km  tangent  efke  is  oontroOed  in  this  frequency  range  by  the  tail  of  the  wdMmnwn 
relaxuion  whkh  occurs  in  the  audio^requcacY  range,  la  tl»e  ra^  of  our  experiinent(i-39 
hCHs)  the  km  tangent  is  invctsely  preportional  to  frequency/,  to  that  (/tan  6)  is  nearly  a 
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constant  (Evans,  1965;  Gudmantisen,  1971).  Howrcvrr,  this  constant  is  stron^y  d'*pendrnt  on 
temperature;  its  value  u about  0.30  at  o'*  C,  a typical  temperature  for  a temperate  glacier, 
and  about  0.10  at  —20°  C,  a typical  temperature  for  ptdar  ice  sheeu  (where/ is  in  MHz). 
These  values  correspond  to  attenuation  rates  of  o.a(8dB/m  at  o°(I  and  o.oi6dB/m  at 
—20°  C.  This  latter  value  is  similar  to  the  values  estimated  by  Gudmandsen  for  the  Greenland 
ice  sheet. 

*rhe  attenuation  distance  of  electromagnetic  energy  in  a dielertric  is: 

e 

njti  tan  i 

where  « te  the  dielectric  constant  and  c the  veiocity  of  light  in  vacuum. 

The  interferometry  technique  requires  waves  which  arc  of  similar  amplitude.  If  a wave 
reflected  from  the  Racier  bottom  b minute  in  comparison  to  the  other  uraves,  then  it  b 
unobservable.  Increasing  the  power  of  the  transmitter  b of  no  benefit,  for  the  relativr  power 
of  the  waves  remains  unaltered.  The  alienuaiion  of  waves  in  the  ice  consequently  limits  the 
detectiem  of  the  bottom  reflector  to  de]Mhs  of  a few  hundred  meters  in  temperature  glaciers 
and  a kflameter  or  turo  in  polar  ke  sheets.  Because /tan  I b nearly  constant,  the  depth 
penetration  b not  irequency«dcpendent;  rather  it  b temperature  dependent. 


GLAOm  DATA 

Data  were  collected  at  seven  nuyor  sites  on  the  glacier  (stations  2-8  ott  Fig.  3).  Interpreta* 
thm  was  based  on  data  from  the  trannnitting  antenna  nornud  to  the  traverse  line.  Both  radial 
(^*)  and  vertical  componenu  were  eaamined  (Pig.  tb).  The  taiqpmtial  component 
would  be  aero  if  no  latoal  reflections  were  received.  'Hie  true  amplitude  of  thb  com- 
ponent b indicative  of  departures  from  these  ideal  conditions,  llte  components  from  the 
antenna  parallel  to  the  traverse  line  (//.*,  ib)  tvere  abo  reemded  but  were  not 

specifically  used  in  the  interpretation.  More  sophisticate  future  interpretathms  %vill  probnMy 
use  all  the  data. 

F^pne  4 dwws  the  and  Hi*  components  Atm  one  traverse  (Run  26).  Figure  5 
illustrates  the  process  of  interptriir^  a profile  for  one  component.  A set  of  theoretical  master 
curvesboompared  with  the  data.  Our  best  fit  in  thb  case  b fin  the  dielectric  constant  of  3.3, 
loatei||^t  afo.09,  and  depth  of  a.423  wavdengths  (i8t  m);  a perfectly  reflecting  bottom  b 

8^  an  fatterpretation  b not  alsvays  unambiguous.  There  may  be  several  different 
combinations  of  parameters  which  iqspear  to  fit  the  data  equally  %vdl.  In  such  cases  the 
redundancy  of  several  components  and  several  feequeneies  comes  into  play.  The  criterion  of 
comhtency  b ^ipUcd  to  select  the  correct  determination  from  the  various  poodbilities. 

The  most  combtent  set  of  interpretathms  (o'  Run  a6  b tabulated  in  Tabb  I.  There  b 
somewhat  greater  error  in  the  interpreted  d /ths  for  the  low  feequendes  (1  and  a MHs) 
because  the  curves  have  fewer  features  and  geiierMly  lets  definitive  diaraetcr.  It  dwuld  he 
noted  that  the  depth  estimate  discrepancy  between  curves  exceeds  the  error  of  the  individunl 
dqpth  estimates  (Table  11).  Hib  b probtdily  because  of  the  non-ideal  gladcr  geosnetry;  the 
non  planar  and  nots-paraHel  bottom  affects  the  various  profiles  in  different  ways. 

If  dMre  b a single  great  diSculty  in  the  itderprctaUon  of  interfbumetry  dau.  it  b the 
sensitivity  ofeurve  shape  tessnall  changes  in  geometrical  and  electrical  pasasneters.  Itbthb 
sensitivity  vdiich  causes  the  error  estimate  for  the  interpretation  of  a siiq(le  profile  to  be  small, 

wDUC  SBC  IDODBBRBIICj  D^VWCdl  CTUBflS  hIHj  illUmBlC  CXWiQFTlHNy  IB|^n6F  CvYmli » 

studies  are  aimed  at  finding  ways  to  pre-process  the  data  to  reduce  thdr  sensitivity  tn  small 
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At  8 MHs  thr  field  curvet  conuun  many  more  fluctuatinm  than  the  iheurrtical  curvet. 
Thb  » an  indication  of  the  influence  of  inh>miogenciiks  within  the  glacier  nr  of  the  turfiu  e 
roughiw*'  Scattermcontiderabiyitnaiicrthanawavclengthwiliinflucncrwavrpropagatkm 
very  Iittle»  while  thnte  exceeding  a wavelength  in  lixe  will  mndily  the  firldt  condderalily. 
The  appearance  of  waveiet^lMiae  dbturbancet  at  8 MHx  (A  37.5  m)  indieatr!i  that 
internal  inbomogeneitiei  in  the  Athabwica  Glacier  are  teldoni  larger  than  teveral  leiM  of 
meteis.  The  strong  dbturbance  in  nil  Athabasca  data  at  ifi  and  33  MMx  (A  18.7  in  ar.1l 
94  m)  indkatet  tiM  tratterert  of  this  tixe  or  lest  are  common  througlMwi  tlie  glacier. 
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Model  results 

One  particular  type  of  scatterer  has  been  investigated  using  a high-frcqurtu:y  analog 
scale  model.  The  modeling  medium  was  dielectric  oil  with  a dielectric  constant  of  2.2  and  0 

loss  tangent  of  0.002.  Because  these  properties  differ  somewhat  from  those  of  icx?,  the  results 
must  be  taken  as  qualitative  indications  only.  The  modeling  wavelength  was  ^5  cm. 

A crevasse  was  simulated  with  a styrofoam  wedge  (Fig.  6)  (the  dielectric  constant  of  low- 
density  styrofoam  is  approximately  1).  llic  field-strength  profile  shows  a high-rrec|uency 
interference  on  the  side  of  the  crevasse  nean*r  to  the  tramniiuer,  and  a minor  diminution  of 
field  strength  on  the  far  side;  Similar  features  are  presi^nt  on  the  curve  from  field  <la(a  sh<»wn 
in  Figure  7,  although  positive  identification  of  the  partic  ular  crevasse  ri*s)>otisi}}le  for  this 
pattern  was  not  made  in  tlie  field. 


OISTANCI  PROh.  TRANSMITTiR 
(WAVIIINOTHS) 

Fig.  7*  heatim  enmisse  in  field  Ails. 


DnoussioN 

The  best  fits  to  all  data  were  obtained  for  dielectric  constant  values  of  3.3  b”*  The  loss 
tangents  for  the  best*fit  curves  were  from  0. 18  to  0.26  at  1 MHz,  o.  1 1 to  o.  18  at  2 MHz,  and 
0.06  to  o.ia  at  4 MHz«  The  mean  value  fbr/tan  i is  approximately  0.3. 

Depth  determinations  have  been  made  uung  the  average  values  of  the  most  consistent  set 
of  fits  at  the  various  stations.  These  are  tabulated  in  Table  111  and  arc  located  on  the  map 
Figure  3.  Except  for  statimis  6 and  8,  deeper  depth  determinations  are  obtained  at  stations 
higher  on  the  glacier.  Stations  3,  4 ai^  5 show  particularly  consistent  results  in  comparison  • 
to  drilling  information.  The  apparently  high  depth  gradient  between  sution  2 and  a nearby 
drill  hide  (depth  73  m)  may  be  real,  a result  of  extensions  of  the  bedrock  topography  currently 
being  exposed  at  the  retreating  terminus. 
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Taslb  111.  DBrni  MrsiiiitNATtoNi 
(avsraob  I,  s,  4 MHz.  and  Ht) 
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The  intederofnctric  depth  determination  at  station  7 is  not  entirely  inconsistent  with 
drilling  lesulu,  altbou^^  the  indicated  depth  is  probably  too  shallow.  This  determination 
was  fairly  ambiguotn  because  reflections  frmn  the  bottom  arc  weak  in  such  deep  ice. 
A farther  comfrfication  was  the  short  traverse  length  imposed  by  rough  surface  con* 
ditions. 

The  most  inconsbtent  results  occurred  at  stations  6 and  8.  These  stations  were  near  the 
side  of  the  ^cicr,  so  obsoved  reflections  might  not  have  come  from  directly  below  tlie 
traverse  line.  A hangi*«g  tributary  glacier  enters  Athabasca  Glacier  a short  distance  above 
these  stathms;  morainal  material  within  the  glacier  may  therefore  have  adversely  affected 
the  observations. 


Ck>NCLUSi<Ma 

Radio  interferometry  appears  to  give  reasonable  estimates  of  glacier  depth  under  favorable 
conditicNis.  Erroneous  estimates  can  be  obtained  when  internal  structure  affects  the  observa* 
titms  and  possibly  when  the  bottom  slopes  too  much  relative  to  the  surface.  The  limit  of 
detcctaUlity  of  the  botttnn  is  about  300  m in  temperate  glaciers. 

At  the  same  time,  the  radio  interferometry  method  gives  an  i«  sikt  measurement  of  both  the 
dielectric  constant  and  the  loss  tangent  of  the  glacier  ice.  Hence  there  is  no  need  to  assume  a 
dielectric  constant  in  order  to  obtain  a depth  estimate,  as  is  required  by  radar  rcfU*ction 
techniques. 

Scattering  signatures  in  the  curves  may  indicate  the  position  (and  possibly  the  orientation, 
if  profiles  arc  made  in  several  directions)  of  crevasses  or  other  ncar-surface  scaltcrcrs.  I ’his 
detection  is  probably  possible  through  many  meters  of  snow  cover,  although  it  was  only  tested 
on  bare  ice  in  the  ablation  aone  of  the  Athabasca  Glacier. 

As  a ^d  technique,  radio  interferometry  is  fast  and  simple.  It  requires  im  instrumented 
vehiefe,  but  data  collection  is  rapid  if  the  glatncr  surface  allows  for  easy  driving.  Operation 
cm  snow-covered  portions  of  a glacier  is  probably  easier  than  on  the  rough  icc  surfarr  of  the 
aUalton  aone. 

Int^pretatiun  is  fairly  rapid.  Collections  of  theoretical  curves  with  appropriate  para- 
meters  can  be  made  up  before  the  field  trip.  Daily  comparison  t>f  the  field  data  with  thc^se 
curves  allows  ctmstant  monitoring  of  results.  Sophisticated  analysis  and  processing  iimst,  of 
course,  wait  until  a computer  is  available. 

Methods  arc  bring  investigated  for  making  the  data  len  sensitive  to  small  variations  of 
parameters.  This  will  require  computer  processing  of  the  data.  Current  theory  is  licing 
extended  to  investigate  die  tffccU  of  sloping  bottmns  and  other  mw  complex  geometries. 
Tlic  ultimate  aim  of  the  data  analysis  program  is  to  use  the  full  complement  of  redundant  data 
to  minimise  the  amUguity  of  interpretation. 
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Abstract 


The  use  of  the  radio  interferometry  method  requires  a 
detailed  understanding  of  the  nature  of  electromagnetic 
wave  propagation  in  structures  composed  of  materials  with  low 
electrical  loss.  This  paper  presents  the  results  of  a 
detailed  experimental  and  theoretical  study  into  the  re- 
sponse of  a 2-layer,  plane-stratified,  low-loss  dielectric 
earth.  The  technique  used  to  construct  a scale  model  with 
microwave  equipment  to  experimentally  simulate  the  2-layer 
structure  response  is  discussed.  The  wave  nature  of  the 
response  derived  from  the  theoretical  investigations  is 
used  to  interpret  the  features  of  the  experimental  results. 

The  experimental  results  in  turn  are  useful  in  demonstrating 
the  reliability  of  approximate  theoretical  solutions  for  the 
electromagnetic  fields  about  the  dipole  obtained  by  the  normal 
mode  and  geometrical  optic  methods.  Such  features  as  the 
modification  of  the  dipole  radiation  pattern  when  the  an- 
tenna is  placed  at  the  interface  between  media  of  differing 
electrical  properties  and  development  of  guided  and  leaky 
modes  in  the  layered  structure  are  examined  in  detail. 

Introduction 

The  radio  interferometry  method,  previously  sununarized 
by  Annan  (1973)  and  Rossiter  et  al.  (1973),  is  a useful 
geophysical  method  in  geologic  regions  exhibiting  extremely 
high  electrical  resistivities.  In  this  context,  high 
resistivity  implies  that  displacement  currents  in  the  media 


must  be  considerably  greater  than  the  conduction  currents. 

In  terrestrial  materials , this  situation  is  encountered  in 
ice-covered  regions  (glaciers,  ^olar  ice  caps)  for  radio 
frequencies  of  the  order  of  1 Mhz  and  higher.  Lunar 
materials  also  behave  as  low-loss  dielectric  materials  in 
the  Mhz  frequency  range  (Olhoeft  et  al.,(1973).  Katsube  and 
Collett,  (1971) . 

The  original  papers,  mentioned  above,  presented  much  of 
the  preliminary  work  conducted  to  study  the  feasibility  of 
the  radio  interferometry  method.  Subsequent  to  this  work, 
a lunar  experiment  was  designed,  constructed  and  carried  on 
Apollo  17  (Simmons  et  al.,  (1972).  In  order  to  be  able  to 
make  a coherent  interpretation  of  data  from  glaciers  and  the 
Moon,  a much  more  detailed  understanding  of  the  basic  features 
of  the  radio  interferometry  method  was  required.  An  in-depth 
computational  analysis  of  the  theoretical  response  of  ideal- 
ized models  was  made  and  these  responses  were  simulated  with 
a scale  model  experiment  to  check  their  validity.  In  addition, 
full  scale  experiments  were  conducted  on  glaciers  in  Alberta 
(Strangway  et  al, (1974)  and  in  Alaska  (Rossiter  et  al.,  sec 
companion  paper) . 

In  this  paper,  a subset  of  the  theoretical  and  scale 
model  studies  are  analysed.  The  purpose  is  to  present  a 
detailed,  documented  study  of  the  response  of  a 2-layer, 
low-loss  dielectric  earth  for  excitation  by  an  electric 
dipole  antenna  laid  on  the  surface.  Some  preliminary  results 
of  the  scale  model  and  theoretical  analysis  are  given  by 
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Rossiter  et  al,(1973).  In  the  course  of  this  study/  the 
theoretical  and  experimental  work  were  carried  out  together 
in  order  that  each  could  be  used  to  confirm  the  other.  The 
end  product  was  an  in-depth  understanding  of  the  intuitively 
simple,  but  complex  in  detail,  physical  phenomena  involved. 

Idealized  2-Layer  Earth 

The  idealized  model  studied  is  shown  in  Figure  1.  The 
2-layer  earth  is  characterized  by  the  dielectric  constants 
and  the  loss  tangents  6^.  Variations  in  magnetic  prop- 
erties are  not  considered;  all  regions  have  free  space 
permeability.  The  cartesian  coordinates  (x^,  x^) , the 

associated  unit  vectors  (i.  d.)  and  the  cylindrical 

coordinates  (^,<P,  z)  are  shown  in  the  diagram.  For  the 
computational  analysis,  the  earth  is  excited  by  a point 
electric  dipole  located  at  the  origin  of  the  coordinate 
system  with  its  moment  aligned  with  the  axis.  In  actual 

experiments,  the  source  is  a half  wavelength  electric  dipole 

% 

antenna.  The  time  variation  of  the  dipole  moment  is  of  the 
form  e*'^‘^^  and  in  all  subsequent  mathematical  expressions 
the  time  dependence  is  suppressed. 

In  applying  the  radio  interferometry  method,  the  field 
strength  about  the  transmitter  primarily  along  profiles  which 
run  radially  outward  from  the  dipole.  The  profiles  commonly 
used  are  denoted  the  broadside,  (B) , and  the  endfire,  (E) , 
profiles.  The  B profile  is  run  radially  out  from  the  dipole 
normal  to  the  direction  of  the  dipole  moment.  In  Figure  1, 
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the  B profile  is  along  the  Cj  axis  while  the  E profile  is 
along  the  axis.  In  field  applications,  the  3 components 
of  magnetic  field  are  measured.  In  the  scale  model  measure- 
ments, electric  fields,  primarily  and  are  measured 
due  to  the  difficulty  in  constructing  satisfactory  magnetic 
field  antennas.  The  field  strength  along  these  profiles 
exhibits  maxima  and  minima  at  various  spatial  positions  due 
to  interference  of  waves  propagating  with  different  hor- 
izontal phase  velocities.  The  position  of  these  maxima 
and  minima  and  ♦ e rate  of  decay  of  the  fields  with  distance 
are  indicators  which  can  be  used  ^o  infer  the  electrical 
properties  of  the  earth  and  layer  thickness. 

In  the  following  discussions,  all  spatial  dimensions 
are  normalized  in  terms  of  the  free  space  wavelength  W. 

All  propagation  constants  and  wavenumbers  are  normalized 
in  terms  of  the  free  space  propagation  constant  = 2v/w. 

Mathematical  Formalism 

The  mathematical  formulation  of  the  electromagnetic 
response  of  a plane  layered  earth  is  well  known  since  it 
is  a standard  boundary  value  problem  (Wait  (1970),  Brekhovskikh 
(I960)).  The  difficult  part  of  the  analysis  occurs  when 
actual  numerical  computations  of  the  response  are  required. 

The  fields  are  expressed  as  Hankel  transforms  (or  2 dimensional 
Fourier  transforms)  which  cannot  be  evaluated  analytically. 

In  all  but  the  simplest  case  of  a whole-space,  approximate 
methods  of  integration  must  be  used  to  extract  useable 


results.  The  most  straight  forward  method  of  obtaining 
numerical  results  is  to  numerically  integrate  the  Hankel 
transforms.  Other  methods  involve  limiting  material  prop- 
erties to  special  values  in  order  to  reduce  the  integrand 
to  a sufficiently  simple  form  that  an  analytical  evaluation 
can  be  made.  The  other  alternative  is  to  look  at  the  physical 
nature  of  the  response  by  use  of  approximate  solutions  which 
can  be  obtained  by  manipulation  of  the  integration  countour 
in  the  complex  plane.  Two  solutions  in  this  class  are  known 
as  the  geometrical  optics  and  the  normal  mode  solutions. 

The  details  of  the  applications  of  these  techniques  to 
low-loss  dielectric  earth  models  is  discussed  by  Annan (1970, 
1973),  Tsang  et  al  (1973)  for  various  dipolar  excitations. 

In  the  following  discussions,  the  geometrical  optics  and  the 
normal  mode  solutions  are  used.  The  reason  for  this  is  that 
sufficiently  accurate  results  can  be  obtained  in  a very 
economical  manner.  The  computation  cost  of  numerical 
integration  rules  our  this  method  for  all  be  very  particular 
cases  under  consideration.  Of  the  two  solutions  obtained  by 
normal  countour  integration,  the  normal  mode  solution  is  the 
more  correct  solution.  The  only  approximations  involved  in 
the  normal  mode  solutions  are  in  the  analysis  of  the  branch- 
line contributions  which  yield  lateral  and  inhonngeneous 
waves  associated  with  the  boundaries.  The  actual  "normal 
mode"  part  of  the  solution  is  exact  within  the  computational 
error  of  evaluating  its  contribution.  The  geometrical  optics 
solution  involves  asymptotic  expansions  for  each  multiple 


reflection  and  has  built  in  approximations  from  the  first 
step  of  analysis.  The  main  advantage  of  the  geometrical 
optics  solution  is  that  the  response  has  a simple  physical 
interpretation  and  is  economically  computed.  As  pointed 
out  by  Annan  (1973),  this  solution  can  only  be  used  when 
spatial  dimensions  are  on  the  order  of  the  wavelength,  or 
attenuation  distances  in  the  media  involved.  In  a low-loss 
dielectric  medium,  the  attenuation  distance  (distance  for 
a field  to  drop  to  1/e  of  its  value)  is  given  by  W/n/lT*tan  6. 

The  theoretical  solutions  for  the  electric  and  magnetic 
fields  on  the  surface  of  the  2-layer  earth  are  summarized  in 
Table  1;  the  fields  are  expressed  in  terms  of  electric  and 
magnetic  Hertz  vectors  which  have  only  vertical  (6^)  com- 
ponents. The  complex  radial  wavenumber  plane  and  integration 
contours  are  shown  in  Figure  2.  For  the  expressions  in 
Table  1,  the  geometrical  optics  solution  if  obtained  by 
expanding  the  expression  in  the  denominators 
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(1) 


whereas  the  mode  solution  is  obtained  by  solving  the 
transcendental  equation 


(2) 


which  yields  the  TE  and  TM  normal  mode  horizontal  wavenumbers 
of  the  layered  earth.  The  contour  of  the  Integration  is 


deformed  into  a steepest  descent  contour  through  a saddle 
point  for  each  term  in  the  (geometrical  series)  expansion. 

Each  term  in  the  geometrical  series  can  be  expressed  in 
an  asymptotic  series.  The  geometrical  optics  solution  to 
final  order  is  obtained  by  retaining  only  the  first  term 
in  each  asymptotic  series.  For  the  normal  mode  analysis, 
the  contour  is  deformed  to  yield  a sum  over  the  normal  modes 
of  the  system  plus  integrals  along  the  branch  lines. 

Scale  Model  Description 

For  electromagnetic  systems  to  be  similar,  the  spatial 
dimensions  in  free  space  wavelengths  and  the  loss  tangents 
must  be  the  same.  In  order  to  simulate  the  radio  inter- 
ferometry method  in  a reasonably  sized  laboratory,  wavelengths 
in  the  centimeter  range  are  necessary;  this  corresponds  to 
radio  frequencies  in  the  GHz  range.  The  2-layer  earth 
model  and  associated  electronics  are  sho%m  in  Figures  3 and  4. 

The  transmitting  (TX)  and  receiving  (RX)  antennas  are 
tuned  half -wavelength  electric  dipoles.  The  excitation 
frequency  is  5.9  GHz.  which  corresponds  to  a free  space 
wavelength  W ■ 5.08  cm.  The  2-layer  earth  is  simulated  by 
a tank  of  oil  with  very  low  electrical  loss(tan4<<l)  with  a 
plane  reflector  suspended  at  a depth  d in  the  oil.  The 
effects  of  the  finite  size  of  the  tank  (30W  long  x 15W  wide 
X 15N  deep  at  5.9  ORs)  are  minimized  by  lining  the  inside 
with  a microwave  absorbing  materials  (Eccosorb) . This 
reduces  undesired  spurious  reflections  from  the  walls  of 
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the  tank.  The  TX  and  TX  antennas  are  mounted  on  a track 
suspended  over  the  tank;  the  RX  antenna  is  mounted  on  a 
mechanized  carriage  so  that  profiles  of  field  strength 
versus  TX>RX  separation  can  be  made  automatically*  The 
track  and  associated  supports  are  also  covered  with  micro- 
wave  absorbing  material. 

Three  sets  of  electrical  properties  of  the  2-layer 
models  were  used  in  the  model.  The  first  set  was  an  oil 
with  dielectric  constant  « 2.16  and  tan  » 0.0022,  and 
an  aluminum  sheet,  tan  6^  acting  as  a perfectly  reflect- 
ing substratum.  A second  set  of  electrical  properties  were 
obtained  by  doping  the  oil  with  benzonitrile  to  increase  its 
loss  tangent.  The  third  consisted  of  oil  (undoped)  underlain 
by  a dielectric  slab  K2  ” 6.75  and  tan  6^  - 0.11.  The  slab 
was  made  of  epoxy  doped  with  carbon  to  increase  its  loss 
tangent.  The  slab  was  2W  thick  and  had  a sufficiently  high 
loss  that  it  eliminated  the  possibility  of  spurious  reflections 
from  the  bottom  of  the  slab  returning  to  the  surface.  The 
thickness  of  the  oil  layer  was  varied  from  0.2W  up  to  lOW 
and  profiles  of  log^^Q  |e«|  versus  TX-RX  separation  along 
the  B profile  are  presented  here. 

The  automatic  traverse  equipment  and  associated  re- 
cording apparatus  are  sketched  in  Figure  4 (Waller  (1973)). 

The  field  strength  versur  the  distance  is  displayed  on  an 
X-y  recorder  and  at  the  same  time  can  be  recorded  on  a 
two-channel  analog  tape  recorder.  The  recorded  data  was 
later  digitised  in  order  that  data  enhancMient  and  automatic 
interpretation  schmnes  could  be  tested. 
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Theoretical  and  Experimental  Results 

^*)  H*l^“Space  Earth;  Radiatiop  pattern  Directionality 

Before  discussing  the  2-layer  earth  in  detail  the 
half-space  response  is  briefly  reviewed.  The  interaction 
of  the  dipole  source  with  the  air-earth  interface  drast- 
ically modifies  the  directionality  of  the  antenna.  This  re- 
esult  is  important  when  analysing  2-layer  model*:  with  the 
geometrical  optics  solution.  This  effect  has  been  discussed 
by  Tsang  et  al  (1973),  Annan  (1970,  1973),  Cooper  (1971). 

The  T2  radiation  from  the  horizontal  electric  dipole  is 
considered  in  the  following  analysis.  The  radiation  pattern 
for  TE  energy  is  the  same  as  that  for  the  electric  field 
component  Ey  Since  varies  as  sin^)  in  the  -Xj  and 
this  variation  is  independent  of  the  layered  structure,  the 
variation  of  in  the  Xj  -X^  plane  at  a fixed  distance 
from  the  source  yields  the  pertinent  radiation  pattern 
information,  e in  the  “X^  (sin  "1)  plane  for  whole- 
space  is  simply  given  by 


(3) 


while  for  the  half  space,  as  R «, 
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Tha  modlfiad  pattarn  is  highly  diractional  with  a strong  paak 
into  tha  aarth  at  the  critical  angle  of  the  interface  as 
illustrated  in  Figure  5.  Tha  patterns  show  radiated  power 
versus  direction  in  the  X2  plane.  The  whole-space 
pattern  is  used  to  normalise  the  patterns  for  varying 
dielectric  constants  of  the  half-space.  Similar  analyses 
can  be  carried  out  for  other  field  componentsi  all  show 
highly  directional  patterns. 

Experimental  measurements  of  the  radiation  pattern 
obtained  with  the  acale  model  with  no  subsurface  reflector 
confirm  the  direecionality  of  the  source  in  the  presence  of 
an  interface.  The  radiation  patterns  were  measured  by 
mounting  the  receiving  antenna  on  a specially  constructed 
boom  «rt)ioh  mcved  the  antenna  in  a circle  of  constant  radius 
about  the  transmitted  antenna.  The  aaq^litude  of  the  received 
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signal  and  the  angular  position  of  the  boom  were  fed  to  an 
X-y  recorder  which  produced  directly  plots  of  field  intensity 
versus  position  in  the  -X^  plane.  The  results  of 
measurements  of  |E,^|  are  shown  in  Figure  6.  The  pattern  for 
was  measured  on  circles  with  radii  of  3 W,  4.5  W,  and  6 W. 
The  "theoretical"  pattern  for  the  air-oil-dipole  configuration 
computed  by  Cooper  (1971)  is  shown  with  the  experimental 
results.  It  should  be  noted  that  the  experimental  results 
are  not  normalized  and  that  the  shape  of  the  patterns,  not 
the  magnitudes,  should  be  considered. 

The  discrepancy  between  the  theoretical  response  and 
observed  response  are  primarily  explaiied  by  the  fact  that 
the  experimental  measurements  were  made  at  a finite  distance 
from  the  source.  The  theoretical  pattern  shown  is  valid 
only  infinitely  far  from  the  source  be  definition.  As  the 
TX-RX  separation  is  increased,  the  experimental  pattern 
changes  shape  and  becomes  more  like  the  theoretical]',' 
predicted  pattern. 

The  preceding  solution  for  the  theoretical  response 
is  obtained  from  the  first  term  in  an  asymptotic  expansion 
for  the  field.  At  finite  source-receiver  distances,  higher 
order  terms  in  the  expansion  become  important.  At  the  peak 
of  the  pattern,  however,  alternate  solutions  must  be  used 
since  the  higher  terms  of  the  asymptotic  expansion  are 
Infinite.  Brekhovskikh  (1960)  has  studied  the  fields  in 
the  region  of  the  peak  of  the  pattern  in  detail  and  obtained 
a modified  expansion  with  the  first  correction  term  decreasing 
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as  (1/r)  ' . A rough  calculation  shows  that  this  term  is 

significant  out  to  distances  of  tens  of  wavelengths. 

The  physical  rationale  for  the  lobate  pattern  is  quite 
simple.  The  explanation  can  be  seen  most  easily  if  the  waves 
radiated  by  the  antenna  are  examined  from  the  ray  theory 
point  of  view.  In  a whole  space  the  source  radiates  the 
waves  uniformly  in  all  directions  in  the  X2  plane.  The 
presence  of  the  half*>space  modifies  this,  since  rays  which 
propagate  horizontally  are  continually  refracted  downward  at 
the  critical  angle  of  the  interface.  Combining  the  whole-space 
pattern  of  the  antenna  with  the  directional  selectivity  of 
the  interface  yields  a complex  radiation  pattern  with  high 
directionality. 

To  first  order,  the  fields  along  the  interface  are  zero. 

If  higher  terms  of  the  asymptotic  expansions  are  retained, 

2 

the  fields  fall  off  as  (1/r)  . There  are  two  components  in 
this  second  order  effect;  one  which  propagates  with  the  phase 
velocity  of  the  earth  and  one  which  travels  with  the  phase 
velocity  of  the  air.  As  a result  the  fields  at  the  surface 
of  the  half'Space  exhibit  a regular  beating  as  a function 
of  spatial  distance  from  the  antenna.  This  is  discussed  by 
Annan  (1970,  1973). 

(b)  2-Layer  Earth:  Perfectly  Reflecting  Substratum 

The  2-layer  earth  can  exhibit  a wide  variety  of 
responses  depending  upon  the  range  of  electrical  properties 
and  layer  thickness.  In  early  analysis,  the  case  of  a 
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perfectly  reflecting  substratum  was  considered  as  a starting 
point.  In  order  to  demonstrate  the  general  character  of 
the  2-layer  earth,  a suite  of  responses  for  various  values  of 
d and  a perfectly  reflecting  substratum  obtained  with  the 
scale  model  and  computed,  theoretically  using  both  the  normal 
mode  and  geometrical  optics  solution  are  shown  in  Figure  7. 

The  layer  thickness  ranges  from  0.5  W to  7 W.  The  E«p  field 
strengths  in  decibels  are  plotted  versus  transmitter  receiver 
separation  in  free-space  wavelengths  along  the  B profile. 

The  scale  model  response  is  shown  along  with  the  mode  and 
geometrical  optics  solution.  The  geometrical  optics  curve 
is  shifted  upward  from  the  experimental  curve  while  the  mode 
solution  is  shifted  downward.  This  offset  of  the  curves  is 
used  to  minimize  the  overlap  of  the  various  responses  which 
tends  to  confuse  the  visual  presentation  of  the  data. 

The  results  in  Figure  7 span  most  of  the  important 
depth  ranges  and  demonstrate  most  of  the  features  of  the 
2- layer  response.  For  the  shallow  depths  of  0.5  W,  1.0  W, 
and  1.5  W,  the  fields  are  expressible  in  terms  of  one,  two, 
or  three  guided  modes  (see  Appendix)  plus  the  lateral  and 
inhomogeneous  waves  given  by  branch-line  contributions.  The 
fields  decay  with  distance  as  (1/r)^  and  exhibit  a regular 
beating  as  the  modes  move  in  and  out  of  phase.  For  d * 0.5  W, 
only  one  mode  is  guided  and  the  only  interference  occurs 
near  the  source  where  the  branch  line  and  modal  contributions 
are  comparable  in  magnitude.  The  remainder  of  the  infinite 
sequences  of  modes  are  either  not  excited  or  are  leaky  modes 
which  decay  exponentially  with  distance  from  the  transmitter. 


As  the  layer  thickness  increases  more  and  more  modes  move  into 
the  guided  regime  and  the  field  strength  versus  distance 
becomes  more  complicated  as  the  various  modes  move  in  and  out 
of  phase. 

Examination  of  the  theoretical  responses  show  that  the 
geometrical  optics  solution  and  the  model  response  are  in 
good  agreement  for  layer  thicknesses  greater  than  3.0  W. 

For  shallower  depths,  the  experimental  and  theoretical 
responses  diverge  from  one  another.  The  breakdown  in  the 
geometrical  optics  solution  is  to  be  expected  from  its 
asymptotic  nature.  The  normal  mode  solution,  however, 
shows  excellent  agreement  at  the  shallow  depths  and  becomes 
the  same  as  the  geometrical  optics  solution  at  the  larger 
depths . 

(c)  Thin  Layers  and  Critical  Depths 

The  preceding  discussion  of  the  2-layer  earth  with  a 
perfectly  reflecting  substratum  illustrates  the  general 
nature  of  the  response.  At  very  shallow  depths  and  at 
various  critical  depths,  the  response  changes  quite 
drastically  with  layer  thickness.  The  suite  of  curves  for 
depths  d 0.13  W to  0.88  W given  in  Figure  8 show  this 
behavious  clearly.  The  critical  depths  (d^.)  in  wavelengths 
for  the  model  electrical  properties  are  given  by  d « 0.23 
(2N  + 1)  TE  modes)  and  d^  - 0.46n  (TM  modes),  n ■ 0,  1,  2... 
(see  Appendix).  For  d < o.23,  (E^  is  composed  of  TE  modes 
only  on  B profile) , no  normal  modes  are  excited  since  the 
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layer  is  too  thin.  As  a result,  the  variation  of  the  fields 

with  distance  is  dependent  on  the  branch-line  integrals 

which  describe  the  secondary  waves  associated  with  the 

2 

interfaces  and  which  fall  off  as  (1/r)  . As  d increases  past 

0.23  W the  first  normal  mode  moves  into  the  guided  regime  and 

w 

the  field  strength  falls  off  with  distance  as  (1/r)  . The 
plot  of  field  strength  versus  distance  varies  only  slightly 
with  depth  changes  for  0.23<d  <0.69. 

As  d ■*  0.69,  the  field  strength  versus  distance  plot 
begins  to  show  a weak  beating.  For  d just  greater  than  0.69, 
the  fields  show  very  deep  interference  nulls  at  regular 
spacing.  Two  guided  modes  (TE)  are  now  propagating  in  the 
layer  for  0.69  < d < 0.88,  the  profiles  exhibit  regular 
beating;  however,  the  maxima  and  minima  locations  are  very 
sensitive  to  the  layer  thickness.  Although  not  presented 
here,  data  collected  as  d ->  1.16  shows  the  same  behaviour 
as  d ->  0.69*  At  d » 1.16,  a third  mode  moves  from  the 
leaky  to  guided  regime  (see  Appendix) . 

The  theoretical  responses  computed  by  the  normal  mode 
method  are  shown  along  with  experimental  results.  The  mode 
solutions  match  the  experiment  results  very  well  except  at 
the  critical  depths.  At  the  critical  depths,  two  poles  and 
a branch  point  merge  together  In  the  mathematical  solution. 
The  branch  line  contribution  Is  evaluated  approximately  by 
steepest  descent  Integration;  the  approximate  solution 
falls  at  the  critical  depths.  The  results  of  evaluating 
the  branch  line  contribution  by  numerical  Integration  are 
also  shown  on  the  profile  for  d * 0.69.  The  agreement 
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between  experiment  and  theory  is  much  better  at  the  critical 
depths  with  this  improvement.  (It  should  be  noted  that  the 
depth  of  experimental  signal  nulls  may  not  match  those  of 
the  theoretical  nulls  due  to  the  present  of  spurious 
background  signals  and  the  low  level  characteristics  of 
the  log  amplifier.) 

(d)  2-Layer  Earth:  Dielectric  Substratum 

The  response  of  a dielectric  substratum  is  not  greatly 
different  from  the  previous  responses  for  a perfectly 
reflecting  substratum.  The  major  difference  is  that  there 
are  no  longer  any  unattenuated  guided  modes;  all  the  modes 
are  leaky  since  energy  can  always  leak  out  of  the  layer 
into  the  substratum.  As  a result r the  field  shows  the  same 
basic  behaviour  but  all  responses  have  a strong  attenuation 
with  distance  from  the  TX. 

The  data  collected  with  the  scale  model  experiment  are 
shown  in  Figure  9.  The  experimental  results  are  presented 
along  with  the  theoretically  (normal  mode)  computed  responses. 
The  results  compare  extremely  well.  The  normal  modes  no 
longer  have  a sharp  onset  as  they  do  for  a perfectly 
reflecting  substratum.  The  modes  now  move  from  a very 
leaky  regime  to  a much  less  leaky  regime  with  no  sharp 
dividing  line  present.  The  accuracy  of  the  theoretical 
solution  is  better  than  for  the  perfectly  reflecting 
substratxim  case  since  there  are  no  true  critical  depths  and 
the  mathematical  approximations  in  evaluating  branch- line 
contributions  are  greatly  improved. 
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Summary  and  Conclusions 

^ihe  results  of  theoretical  and  experimental  work  have 
led  to  a clear  understanding  of  the  physical  mechanisms  of 
wave  propagation  in  a 2-layer  dielectric  earth.  This 
detailed  understanding  of  the  waves  propagations  in  such  a 
system  is  necessary  for  the  interpretation  of  radio  inter- 
ferometry data  from  geologic  environments  which  can  be  sim- 
ulated by  a 2-layer  model. 

The  practical  aspects  and  limitations  of  constructing 
scale  model  experiments  at  QHs.  frequencies  are  well 
understood  and  the  reliability  of  the  model  makes  it  an 
ideal  method  of  examining  problems  which  are  not  tractable 
from  a theoretical  point  of  view.  With  such  excellent 
agreement  between  theory  and  experiments,  the  model  can  be 
applied  to  the  analysis  more  complex  problems  with  confidence. 

The  scale  model  has  proved  to  be  invaluable  in  checking 
out  the  computer  programmes  which  generate  the  theoretical 
responses.  The  mathematical  formalism  is  very  complex  and 
its  translation  into  a computational  formalt  is  difficult; 
particularly  when  approximations  are  made  in  certain  parts 
of  the  analysis. 

The  normal  mode  approach  to  analysing  moderately  to 
very  thin  layers  has  greatly  improved  the  ability  to  Interpret 
layered  structures.  The  Initial  analysis  of  responses  was 
made  using  the  geometrical  optics  solutions  which  is  invalid 
for  thin  layers.  The  model  study  confirming  the  mode  analysis 
has  already  led  to  successful  interpretation  of  radio 
interferometry  data  obtained  in  thin  layer  environments 


Rossiter  et  al.  (see  accompanying  paper). 
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TE  and  TM  ttode  Critical  Depths  for  a 2-Layer  Earth 


The  radial  wave  numbers  of  the  normal  modes  of  a plane 
stratified  2-layer  earth  are  obtained  by  solving  the 


transcendental  equations  (Annan  (1973)) 


TE 


Ca-0 


TH 


t ““  R%%  (i 


(A-t) 


When  A-1  or  A-2  are  satisfied,  the  TE  or  TM  reflection 
coefficient  for  the  2-layer  structure  (see  Table  1)  is 
singular  having  a resonance  (simple  pole)  at  that  particular 
value  of  horizontal  wavenvimber  denoted  by  or  Xj”.  The 
wave  nature  of  the  problem  is  s)cetched  in  Figure  A (a) . 

A plane  or  cylindrical  wave  propagating  with  horizontal 
wavenumber  bounces  bac)c  and  forth  between  the  two  interfaces. 
In  one  transit  back  and  forth  across  the  layer  the  wave 

t 

suffers  an  amplitude  and  phase  change  given  by  R^2 

due  to  reflection  at  the  Interfaces  plus  an  amplitude  and 

phase  change  of  while  propagating  across  the  layer  in  one 

direction.  Equations  A-1  and  A-2  just  express  the 

requirement  that  the  wave  comples  one  transit  of  the  layer 

with  no  change  in  amplitude  and  a phase  change  of  N2z, 

n - 0,1,2....  in  general  the  IJE  j^TM  complex  and 

A-1  and  A-2  have  no  purely  real  solutions.  Only  totally 
XM 

real  yield  modes  which  are  unattenuated  radially. 


^ #' 
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True  guided  modes  exist  only  when  IRj^q!  = ^ which 

physically  occurs  only  when  the  media  are  loss  free  and  region 

1 is  a low  velocity  region  (l.e.  > Kq  and  Kj)  or  the 

lower  interface  is  a perfect  reflection  (i.e.  tan6^  »<») . in 

addition  d must  exceed  a minimum  critical  thickness.  Analysis 

of  equations  A-1  and  A"2  in  the  complex  A plane  show  that  the 

must  lie  along  a line  which  intertwines  the  various 

Riemann  surfaces  defined  by  the  branch  lines  of  the 
♦ 2 1/2 

(K^  - A ) ' functions.  The  case  of  a perfectly  dielectric 
slab  (tan  6^  " ■”)  substratum  is  sketched  in  Figure  A(b). 

The  roots  of  the  transcendental  equation  lie  on  the  line 
indicated  in  A(b).  The  solid  circles  denote  roots  on  the 
upper  Riemann  surface  which  are  excited  modes  and  the  open 
circles  indicate  roots  on  the  lower  Riemann  surfaces. 

The  pole,  on  the  reel  axis  between  jlifere  suided 

unattenuated  modes  while  the  poles  A^  < Jk*  are  leaky  modes 

and  have  a positive  imaginary  component.  The  branch-lines 

are  chosen  as  indicated  in  Figure  A(b)  and  run  from  JlTj 

to  joB.  The  upper  Riemann  surface  for  the  radical 

2 k 

(K;  - A where  K is  real  is  defined  as  the  one  where 

(K|  - . 4 for  1 < and  (K,  - 1^)’’  * * ** 

a real  positive  number  and  A is  on  the  real  axis.  On  the 

lower  Riemann  surface  6 must  be  replaced  by  -6  in  the 

preceding  expressions.  For  complex  K the  Riemann  surface 

definitions  consistent  with  the  real  K definitions  are 

obtained  by  examining  the  case  of  Im  Xt  0. 

The  behaviour  of  the  A™  with  variations  in  d is 
TB  P 

twofold)  the  poles  A™  move  down  the  contours  and  are 

P 


•■r-  r 


more  closely  packed  as  d increases  and  the  contour,  on  which 

the  poles  lio^  swings  towards  the  imaginary  axis.  As  the 

depth  varies,  a pair  of  the  poles  coincide  with  the  | K*  branch 

^ o 

point  at  regular  depth  spacings.  These  depths  are  the 
critical  depths  for  the  modes  and  mark  the  depth  where  a mode 
moves  from  the  leaky  to  the  unattenuated  or  guided  regime. 

The  critical  depths  for  the  case  of  the  perfectly 
reflecting  substratum  are  obtained  by  noting  that 

tc:  --  i?:r  . -1 

and  that  for  A * 

Substituting  into  A-1  and  2 yields. 
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For  finite  loss  tangents,  and  a dielectric  bottcxn,  the 
contours  on  which  A^  lies  still  pass  through  Jk^  but  are 
displaced  away  from  the  real  A axis  between  Jk^  and 
so  that  all  modes  have  a finite  imaginary  component  which 
corresponds  to  attenuation  with  distance. 
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Figure  Captions 


Pig.  1 Sketch  of  a 2*layer  earth  geometry  and  the 

associated  cartesian  and  cylindrical  coordinate 
system. 

Pig.  2 Complex  radial  wavenumber  plane  illustrating 

integration  contours  and  location  of  singular  points: 


branch  points 
TE  poles  (• 


TM  poles  /-A 


upper  Riemann  surface 
lower  Riemann  surface 
upper  Riemann  surface 
lower  Riemann  surface 


Hankel  transform  contour 

Geometrical  optics  path  through  saddle 

point 

Normal  mode  contour 


— Branch  cuts 

Pig.  3 Schematic  drawing  of  scale  model  2-iayer  earth. 

Pig.  4 Schematic  diagram  of  scale  model  electronics , 

display  and  recording  system. 

Pig.  5 TB  (B  ) radiation  patterns  for  the  horisontal 
electric  dipole  on  the  surface  of  a dielectric 
half*space  for  Xi  • 1.  (whole-space  pattern), 

2.,  3.2.,  10. 

Pig.  6 Scale  model  experimental  measurements  of  (B^) 

pattern  in  X2‘‘X^  plane  compared  with  the  theoretical 
pattern  computed  by  Cooper  (1971) . 
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Fig.  7 Suite  of  2-layer  earth  responses  where  the 

substratum  is  a perfect  reflector;  scale 


model  response,  — - — normal  mode  theoretical 

response, geometrical  optics  theoretical 

response. 


Fig.  8 Suite  of  2-layer  earth  recponses  for  a perfectly 

reflecting  substratum  and  shallow  reflector  depths: 
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scale  model  response;  normal  mode 

theoretical  response;  9^  ^ ^ normal  mode  with 
numerical  integration  of  branch-line  contributions. 

Fig.  9 Suite  of  2-layer  earth  responses  for  a dielectric 

substratum: scale  model  response;  normal 

mode  theoretical  response. 


Fig.  A (a)  Sketch  of  multiple  reflections  in  thin  layer. 

(b)  Illustration  of  pole  positions  in  complex  X 
plane  as  a function  of  d. 

Contour  on  which  IRj^q  Rj^2  ^1  “ ^ 

^ Branch-point 

0 Roots  (Xp)  on  the  upper  Riemann  surface 

O Roots  (Xp)  on  the  lower  Riemann  surface 
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Table  1:  Cylindrical  components  of  the  E and  H fields 

about  a Horizontal  Electric  Dipole  (HED)  on  the 
surface  of  a 2-layer  earth.  The  fields  are 
expressed  in  terms  of  (electric  and  magnetic) 
Hertz  (vector)  potentials  (i^  and  ij^^)  which 
have  only  a vertical  (S^)  component. 
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ABSTRACT 


Recent  theoretical  work  on  the  radio  interferometry 
technique  tor  dielectric  layers  of  less  than  one  free 
space  wavelength  thick,  has  indicated  that  there  is  a 
thickness  for  which  no  interference  is  observed.  This 
thickness  is  about  0.2  free  space  wavelengths  for  ice, 
and  it  lies  between  the  thickness  that  allows  one  single 
mode  to  propagate  in  the  layer  (>  0.2  wavelengths)  and  a 
thickness  that  is  essentially  transparent  to  the  wavelength 
being  used  (£0.2  wavelengths). 

Field  work  was  done  on  the  Juneau  Icefield  using 
frequenc'ijr?  from  1 to  32  MHz.  At  1 and  2 MHz,  an 
interfc rvr ;c  pattern  typical  of  a half  space  of  ice  with 
a dielectric  constant  of  3.3  was  observed,  while  at 
4 MHz  essentially  no  interference  was  seen.  At  higher 
frequencies,  the  interference  observed  is  typical  of  that 
of  a layer  overlying  a half  space.  The  upper  layer  can 
be  interpreted  to  have  a depth  of  15  or  20  m (0.2  wavelengths 
at  4 MHz)  with  a dielectric  constant  of  2.4.  This  is  the 
result  of  a layer  of  snow  over  a half  space  of  ice.  The 
technique  is  therefore  of  potential  interest  in  interpreting 
the  nature  of  the  snow  layer  overlying  a glacier. 


INTRODUCTION 


Radio  frequency  interferometry  depth  sounding  was 
originally  developed  to  measure  the  dielectric  properties  and 
structure  of  highly  resistive  geological  regions  (Annan, 1970, 
1973) . It  has  been  used  successfully  for  sounding  glaciers 
(Rossiter  et  # 1973;  Strangway  et  al . , 1974),  and  on  the 
moon  (Simmons  et  al. , 1972,  1974).  The  technique  consists 
of  setting  a radio  transmitter  on  the  surface  to  be  sounded, 
and  measuring  the  field  strength  as  a funcion  of  distance 
from  the  transmitter.  Several  waves  propagate  from  the 
transmitter  to  the  receiver,  generating  an  interference 
pattern  that  is  indicative  of  both  the  dielectric  properties 
and  the  structure  of  the  medium. 

The  retical  studies  have  determined  the  fields  to  be 
expected  over  dielectric  layers  (Annan,  1973;  Kong,  1972; 
Tsang  et  al. , 1973).  Early  work  used  geometrical  optics 
approximations  in  order  to  evaluate  the  integral  expressions, 
but  it  can  be  shown  that  the  method  is  highly  inaccurate  for 
layers  less  than  about  three  free  space  wavelengths 
(abbreviated  "W"  throughout)  thick.  In  more  recent  work,  a 
normal  mode  approximation  has  been  used  that  is  particularly 
suitable  for  calculating  the  fields  in  th''  presence  of  a thin 
layer. 


In  a companion  paper  (Annan  et  a^. , 1974) , theoretical 
and  experimental  data  from  an  analogue  scale  model  are 
compared.  In  the  present  papfr,  we  will  examine  the 
particular  case  of  a thin  dielectric  layer  (0  to  I w thick) 
overlying  a thick  dielectric  layer  (see  Figure  1) , using  mode 
theory,  and  compare  these  results  with  field  data  collected 
on  the  Juneau  Icefields,  Alaska. 


THEORY  OF  THIN  LAYERS 

Radio  interferometry  data  show  three  distinct  types  of 
behaviour  as  the  upper  layer  increases  from  being  very  thin 
and  transparent,  through  a critical  thickness,  to  being  thick 
enough  to  allow  propagating  modes.  We  will  examine  each  of 
these  three  cases. 

(a)  Veiy  thin  transparent  upper  layer 

When  the  upper  layer  is  very  thin  (less  than  about 
0.2  W thick  in  ice) , it  is  essentially  transparent.  Therefore, 
the  observed  interference  pattern  is  independent  of  the 
properties  of  the  upper  layer,  and  looks  like  that  of  a half 
space  with  the  properties  of  the  lower  layer  (see  Figures  2 
and  3) , 

(b)  Transition  thickness  - decoupled  layer 

As  the  upper  layer  becomes  approximately  0.2  W thick 
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(the  exact  value  is  dependent  on  the  dielectric  constant) , 
it  effectively  decouples  any  signal  from  the  lower  layer. 
However,  if  It  is  still  too  thin  to  allow  free  propagation 
within  itself,  the  observed  patterns  will  show  no  interference 
at  all  (see  Figure  4) , Since  this  transition  band  is  narrow 
(and  may  be  non-existent  for  very  low  losses),  it  is  extremely 
diagnostic  of  upper  layer  thickness. 

(c)  Modal  propagation  in  the  upper  layer 

As  the  upper  layer  becomes  thick  enough  to  support  freely 
propagating  modes,  the  interference  patterns  again  show 
clear  beating  (see  Figures  5 and  6) . Since  the  interference  is 
generated  by  modes  propagating  along  the  thin  layer  guide,  the 
spatial  frequency  of  the  beats  is  relatively  low,  and  dependent 
on  the  properties  of  the  upper  layer  (although  occasionally  a 
higher  spatial  frequency  ripple,  due  to  the  lower  layer,  can 
be  seen) . 


DIELECTRIC  PROPERTIES  OF  ICE  AND  SNOW 

The  dielectric  properties  of  ice  and  snow  have  been 
reviewed  by  Evans  (1965) . Ice  has  a strong  relaxation  at  about 

4 

10  Hjj  at  0*C,  but  for  frequencies  well  above  this,  the 
dielectric  constant  is  3.2,  and  is  fairly  independent  of 
temperature.  Since  radio  frequencies  are  on  the  high 
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frequency  tail  of  the  relaxation  spectrum,  the  product 
f-tan  6 is  approximately  constant.  It  has  a value  of  about 
0.2  MHz  at  0*C,  decreasing  to  0.1  MHz  at  -10®C. 

Snow  is  essentially  a mixture  of  two  dielectrics  - ice 
and  air.  As  such,  it  has  dielectric  properties  that  are 
between  those  of  its  constituents,  and  which  depend  primarily 
on  its  density.  Thus  snow  of  density  0.5  g/cm^has  a 
dielectric  constant  of  about  1.9  and  a loss  tangent  about 
half  that  of  ice. 

The  effect  of  impurities  is  not  well  understood,  although 
impurites  tend  to  increase  the  loss  tangent.  The  addition  of 
a few  percent  water  by  volume  to  snow  would  increase  the 
dielectric  constant  to  perhaps  2.5  and  increase  the  loss 
tangent  perhaps  several  times.  Few  accurate  studies  have 
been  done  on  this  problem. 

JUNEAU  ICEFIELD  DATA 

During  the  summer  of  1972,  measurements  were  made  at 
various  locations  on  the  Juneau  Icefields  (see  Figure  7) . We 
will  examine  two  runs  -*  Run  36  made  from  Site  6 on  the  Taku 
Glacier,  and  Run  92  made  from  Site  25,  in  the  accumulation 
zone  of  the  Matthes  Glacier.  At  Site  6,  the  thickness  of  ice 
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has  been  determined  seismlcally  to  be  approximately  350  m. 

(Hiller,  1952) . The  thickness  of  the  ice  at  Site  25  is 

uncertain,  but  it  is  probably  about  200  m. 

Measurements  were  made  at  six  frequencies  - 1,  2,  4,  8, 

16,  and  32  MHz,  so  that  the  free  space  wavelength  varied  from 

300  m'to  about  10  m.  Six  components  of  the  magnetic  field 

were  measured  - three  from  each  of  two  transmitting  antenna 

orientations.  Of  these  components,  we  presently  have 

theoretical  solutions  for  two  of  them  - the  vertical  (H  ) 

z 

ai.c^  radial  (H^)  magnetic  fields  from  a broadside  transmitting 
antenna.  These  two  components  were  compared  to  suites  of 
theoretical  curves  and  a best  fit  that  gave  consistent  results 
for  all  frequencies  was  found. 

For  both  runs,  the  data  at  32  MHz  were  so  scattered  that 
interpretation  in  terms  of  layered  structures  was  not  possible. 
Some  scattering  is  present  at  16  and  8 MHz.  This  seems  typical 
of  temperate  glaciers  (Strangway  gt  al . , 1974;  Davis,  1973). 

He  attribute  this  scattering  to  random  reflections  from 
crevasses  and  other  irregularities  in  the  ice  with  typical 
sizes  of  about  10  m. 

The  paramsters  deduced  from  each  frequency  for  the  two  runs 
are  listed  in  Table  1*  Theoretical  curves  for  the  best  single 
set  of  parameters  for  each  run  are  shown  with  the  field  data  i i 
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Figures  8 and  9 (i.e.  one  set  of  parameters  was  chosen 
for  each  run^  although  for  any  given  frequency  better  fits 
might  have  been  found  with  slightly  different  parameters) . 

In  each  case,  the  two  components  (1^  and  H^}  gave  similar 
results.  From  the  1 and  2 MHz  data,  the  dielectric  constant 
and  loss  tangent  of  the  lower  layer  can  be  estimated.  From  the 
4 MHz  curves,  very  tight  limits  can  be  put  on  the  thickness  of 
the  upper  layer.  From  8 MHz  and  to  some  extent  16  MHz  data, 
the  properties  of  the  upper  layer  can  be  determined. 

Runs  36  and  92  differ  in  two  basic  respects.  For  Run  36, 
the  loss  tangents  are  typical  for  ice-  0.2  ± 0.1/f,  where  f 
is  frequency  in  MHz  (Evans,  1965) . The  values  obtained  for  the 
thickness  of  upper  layer  are  consistent  from  frequency  to 
frequency.  For  Run  92,  it  was  not  possible  to  obtain  a 
consistent  thickness  without  letting  the  loss  tangent  drop 

A 

to  at  least  0.1/f.  Even  then,  the  depths  obtained  at  the 
lower  frequencies  (especially  4 MHz)  were  less  than  IS  m while 
for  8 and  16  MHz  a depth  of  about  20  m was  required. 

DISCUSSION 


We  interpret  the  thin  upper  layer  at  both  sites  as  being 
snow  about  15  to  20  m thick,  with  a dielectric  constant  of  2*4 
1 0.2,  overlying  thick  glacial  ice,  with  a dielectric  constant 
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of  3.3  ± 0.1.  The  loss  tangent  at  Site  6 (Run  36)  is  about 
0.2  ± 0.1/f,  while  at  Site  25  (Run  92),  it  is  somewhat  lower. 
These  dielectric  properties  are  typical  for  glacial  ice  and 
for  snow  of  density  0.65  ± 0.15  (Evans,  1965).  We  attribute 
the  lower  loss  tangent  at  Site  25  to  the  lower  mean  temperature 
a the  higher  site  which  reduces  both  the  relaxation  frequency 
and  the  amount  of  free  water  present.  It  is  interesting  that 
although  the  measurements  were  made  in  summer  with  runoff  water 
abundant  on  the  surface,  these  losses  are  not  particularly 
high.  Presumably,  any  free  water  is  in  too  thin  a layer  or  is 
too  well  disseminated  to  be  noticeable  at  the  frequencies  used. 

Inconsistency  of  the  depth  determinations  from  frequency 
to  frequency  (especially  true  at  Site  25)  is  possibly  due  to 
the  gradation  of  the  snow-ice  boundary.  Examination  of  a 
crater  pit  some  5 m deep  blasted  on  the  Ta)cu  Glacier  (see 
Figure  7(a))  confirmed  the  gradational  nature  of  snow  density 
(and  hence  dielectric  constant)  with  depth.  Since  Site  25  is 
in  the  accumulation  zone  of  the  glacier,  snow  may  be  compacting 
even  more  gradually  in  that  area. 


CONCLUSION 


Using  radio- frequency  interferometry,  a thin  Iryer  can  be 
detected  and  estimates  of  the  thiclcness  of  the  layer  to  within 
a few  meters  can  be  made.  By  using  a range  of  frequencies,  the 
dielectric  parameters  of  both  the  upper  and  the  lower  layer  can 
be  obtained. 
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TABLE  1:  INTERPRETATION  OF  JUNEAU  RUNS  36  AND  92  BY  COMPARISON  TO  THEORY 
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FIGURE  CAPTIONS 

Configuration  of  a thin  dielectric  layer  overlying  an 
infinite  dielectric  half  space.  By  varying  the  frequency, 
the  thickness  of  the  upper  layer  in  wavelengths  can  be 
changed. 

Theoretical  curves  of  field  strength  (db)  vs.  range  in 
wavelengths  (A.)  for  a very  thin  upper  layer,  with  the 
dielectric  constant  of  the  lower  layer  varying.  The 
spatial  frequency  of  the  pattern  increases  with 
increasing  kj*  (a)  broadside  component,  (b) 
broadside  componer*:. 

Theoretical  curves  for  a very  thin  upper  layer  with  the 

loss  tangent  of  the  lower  layer  varying.  The  sharpness  of 

the  interference  drops  off  with  increasing  tan 

broadside  component,  (b)  H_  broadside  component. 

«» 

Theoretical  curves  for  the  region  of  no  interference 
showing  the  transition  from  a transparent  upper  layer  to 
an  upper  layer  that  propagates  freely.  ('>;  V.p  broadside 
component,  (b)  H broadside  component. 

Theoretical  curves  for  a propagating  upper  with 

the  dielectric  constant  of  the  upper  layer  varying. 

(a)  Hf  broadside  component,  (b)  H broadside  component. 
Theoretical  curves  for  a propagating  upper  layer,  with 
the  loss  tangent  of  the  upper  layer  varying,  (a)  Hj* 
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broadside  component,  (b)  H broadside  component. 

Z 

Fig.  7 Maps  of  the  Juneau  icefield  (a)  near  Camp  10  and  (b) 
near  Camp  18.  There  is  a gap  of  2 km  between  the  top 
of  (a)  and  the  bottom  of  (b) . Radio  interferometry  was 
conducted  at  "R.F.I  Sites".  Seismic  depths  (frcro 
Miller,  1952)  are  indicated  where  known.  Run  36  was 
made  at  Site  6 at  an  elevation  of  1050  m.  ASL  on  the 
Take  Glacier;  Run  92,  was  made  at  Site  25  at  an 
elevation  of  1770  m.  ASL,  on  the  Matthes  Glacier. 

The  crater  site  is  also  shown  in  (a) . 

Fig,  8 Radio  interferometry  data,  and  broadside  components, 

1 to  16  MHz  for  Run  36,  Site  6 (solid  lines).  At  16  MHz 
scattering  is  significant  (see  text) . Theoretical  curves 
are  also  shown  (dashed  lines)  for  the  following  parameters: 
dj^  » 19  m.,  kj^  a 2.4,  tan  6^^  * 0.2/f,  kj  * 3.3  and 
tan  ^2  * 

Fig.  9 Radio  interferometry  data,  H^  and  H^  broadside  components, 

1 to  16  MHz,  for  Run  92,  Site  25  (solid  lines).  At 
16  MHz  scattering  is  significant  (see  text) . Theoretical 
curves  are  also  shown  (dashed  lines)  for  the  following 
parameters:  dj^  • 18  m. , kj^  « 2,4,  tan  “ 0.2/f, 
kj  ■ 3.3  and  tan  6 2 ” 0.3  'f. 
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Introduction 

The  Surface  Electrical  Properties  (SEP)  Experiment 
was  flown  to  the  Taurus-Li'^trow  region  of  the  moon  on 
Apollo  17.  The  experiment  used  megahertz  radio  frequencies 
in  order  to  determine  (i)  electrical  layering  at  the  land> 
ing  site,  (ii)  the  dielectric  properties  of  the  surface 
material  ^ situ,  and  (iii)  the  presence  of  scattering 
bodies . 

In  order  to  sound  into  the  surface  layers  a relatively 
new  technique,  called  radio  Interferometry,  was  employed. 

A transmitter  was  set  out  on  the  lunar  surface  and  a 
receiver  was  carried  on  the  Lunar  Roving  Vehicle.  As  the 
Rover  moved  along  its  traverse,  the  received  magnetic  field 
strength  and  the  Rover's  position  with  respect  to  the 
transmitter  were  recorded. 

At  any  point  on  the  traverse  several  waves  reach  the 
receiver,  and  these  waves  interfere,  as  shown  in  Figure  1. 

A plot  of  field  strength  as  a function  of  transmitter- 
receiver  separation  therefore  gives  an  interference  pattern 
that  is  diagnostic  both  of  the  physical  properties  and  of 
the  structure  of  the  upper  layers.  Field  strength  data 
for  six  frequencies  and  six  combinations  of  receiving  and 
transmitting  antenna  orientation,  along  with  position, 
calibration,  and  temperature  information,  were  recorded  on 
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a magnetic  tape  which  was  returned  to  earth. 

The  basis  for  the  interferometry  concept  and  details 
of  the  SEP  Experiment  have  been  given  elsewhere  (Annan, 
1973;  Rossiter  et  , 1973;  Simmons  ^ al . , 1972;  The  SEP 
Team,  1974) . In  the  present  paper  we  will  outline  briefly 
the  basis  for  our  interpretation,  present  the  lunar  SEP 
data,  and  describe  our  most  recent  evaluation  of  the 
results . 

Background  Material 

Because  radio  interferometry  is  a relatively  new 
technique,  most  of  our  background  experience  with  it  was 
built  up  explicitly  for  the  lunar  experiment.  This  study 
had  three  main  facets:  (i)  theoretical  evaluation  of  the 

EM  fields  surrounding  a dipole  over  a dielectric;  (ii) 
experimental  work  using  an  analogue  scale  model;  and, 

(iii)  field  trips  to  different  glacier  sites  for  full  scale 
experiments  in  a real  environment. 

Although  the  integral  expressions  for  the  EM  fields 
surrounding  a dipole  over  a layered  earth  have  been  known 
for  some  time  (e.g.  BaSos.  1966),  their  evaluation  for 
low- loss  layers  is  far  fre^  trivial.  Straight  numerical 
integration  is  prohibitively  expensive.  Therefore  two 
complementary  approximate  methods  were  used  - a getxMtric 
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optics  approach  and  the  theory  of  normal  modes  (Annan, 

1970,  1973;  Kong,  1972;  Tsang  et  al, , 1973).  The  former 
is  most  accurate  for  thick  layers,  and  becomes  invalid 
for  distances  less  than  about  a wavelength.  The  latter  is 
most  easily  calculated  for  thin  layers  in  which  only  a 
few  m 'des  propagate* 

In  order  to  check  these  calculations,  and  to  be  able 
to  study  cases  too  complex  for  theoretical  treatment,  a 
scale  model  was  constructed  using  microwave  frequencies 
(Waller,  1973;  Annan  et  al* , 1974)*  The  model  used  a layer 
of  dielectric  oil  in  which  a reflecting  plate  could  be  set 
up  in  many  different  orientations*  A typical  suite  of 
model  curves  for  the  layered  case  of  a dielectric  over  a 
perfect  reflector  is  shown  in  Figure  2,  along  with  the 
corresponding  theoretical  curves*  The  inaccuracy  of  the 
geometric  optics  solution  for  thin  layers  is  readily 
apparent* 

Field  experience  with  the  interferometry  technique 
was  gained  on  trips  to  the  Corner  and  Athabasca  Glaciers 
(Itossiter  et  al*,  1973;  Strangway  £t  al*,  1974),  and  to 
the  Juneau  Icefields  (Rossiter  et  al* , 1974) , using  proto- 
type lunar  hardware  at  various  stages  of  develofxnent* 

Since  most  of  the  glacial  sites  were  known,  from  independent 
%rork,  to  be  close  to  a plane  layered  si tufii 
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we  were 
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faced  with  the  problem  of  finding  the  set  (or  sets)  of  para- 
meters that  best  characterized  the  data  collected.  This  was 
done  by  trial-and-error  comparison  of  suites  of  theoretical 
curves  with  field  data  (although  attempts  at  formal  inversion 
are  currently  underway  by  Watts  (1974)). 

A typical  set  of  field  profiles  and  their  corresponding 
"best-fir"  theoretical  curves  is  shown  in  Figure  3.  Although 
no  single  frequency  or  component  was  uniquely  indicative  of 
the  parameters  (dit.lectric  constant,  loss  tangent,  and  depth 
to  reflector) , by  accepting  only  parameter  sets  that  gave 
consistent,  good  fits  for  all  frequencies,  and  for  both  of 
the  mzucimum-coupled  components  for  which  we  have  theoretical 
solutions,  an  acceptable  interpretation  was  always  foixnd. 

SEP  Operational  History 

The  SEP  experiment  was  carried  out  at  the  Taurus-Littrow 
landing  site  during  EVA-II  and  III.  The  transmitting  dipole 
antennas  were  deployed  by  the  astronaut  about  150  meters 
east  of  the  Lunar  Module  in  a north-south  and  in  an  east- 
west  direction  (see  Figure  4) . During  EVA-II  SEP  data 
was  recorded  as  the  Rover  moved  in  a westerly  direction  away 
from  the  SEP  transmitter  out  to  station  #2.  The  traverse 
as  reconstructed  from  the  SEP-LRV  navigation  data  is  given 
in  Figure  5. 
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From  the  SEP  transmitter  out  to  a range  of  1.7  km  the 
receiver  operated  normally.  Between  the  range  of  1.7  km 
and  4.3  km  the  receiver  operated  in  an  acquisition  mode^ 
attempting  to  acquire  a synchronization  signal  from  the 
transmitter.  In  this  mode  only  partial  data  is  collected. 

At  a range  of  4.3  knv  because  of  the  low  received  field 
strength#  the  receiver  obtained  a false  re synchronizing 
pulse#  causing  an  incorrect  realignment  of  the  receiver 
emd  transmitter  timing#  and  a subsequent  loss  of  field 
strength  data  from  that  point.  At  station  #2  the  receiver 
was  turned  off  to  aid  in  cooling.  The  receiver  was  operat- 
ing again  between  stations  #4  and  #5;  however#  the  signal 
levels  were  too  low  to  allow  a resynchronization  with  the 
transmitter.  At  the  beginning  of  the  station  #5  stop  the 
receiver  was  turned  off,  and,  although  the  receiver  was  turned 
on  again  at  the  end  of  the  station  stop,  because  the  internal 
receiver  temperature  was  above  a safe  limit  a thermal  switch 
prevented  it  from  operating  for  the  remainder  of  EVA-II. 

Data  was  to  have  been  recorded  during  EVA-III  from 
the  SEP  transmitter  to  station  #6  but  the  astronauts  failed 
to  turn  on  the  receiver.  Therefore,  the  data  which  are 
used  as  a basis  for  this  discussion  are  those  taken  from 
the  SEP  transmitter  west  to  a range  of  4.3  km. 
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SEP  Data  and  Discussion 

The  configuration  of  the  SEP  transmitting  and  receiving 
antennas  is  shown  in  Figure  6.  The  six  frequencies,  1,  2, 
4,  8,  16  and  32  MHz,  are  transmitted  sequentially  by  two 
orthogonal  horizontal  dipole  ar.tennas  etnd  received  by  three 
orthogonal  loop  auitennas,  resulting  in  36  readings  of  the 
field  strength  during  each  measurement  cycle. 

Positional  Information  from  the  Rover  navigation  system 
is  recorded  as  increments  and  decrements  of  1*  in  bearing, 
and  100  m in  range,  and  as  odometer  pulses,  each  equivalent 
to  a .49  meter  change  in  position  for  the  right-front  and 
left-rear  wheels  of  the  Rover. 

The  Rover  traverse  derived  from  SEP  data  has  been 
ccmqpared  in  Table  1 with  traverse  data  produced  by  the 
U.S.G.S.  (AL6IT,  1974)  and  with  the  traverse  rc  construction 
created  from  the  Goddard  Very  Iiong  Baseline  Interfercxnetry 
Data  (I.  Salzberg,  personal  communication,  January  1974). 

The  VLBI  data  has  absolute  accuracy  of  approximately  40  m. 
The  O.S.G.S.  traverse  is  ta)cen  from  photographic  pans  made 
at  station  stops,  and  are  accurate  to  approximately  10  m 
for  BP-4,  LRV-1,  and  station  2,  and  to  about  50  m for 
LBV-2  and  3. 


The  three  traverses  are  plotted  in  Figure  7.  The 


,1 


7 


maximum  differences  are  about  500  m at  stops  LRV-2  and  3. 
The  differences  between  USGS  and  VLSI  traverses  are  larger 
than  expected,  and  later  data  might  be  in  better  agreement. 
For  the  first  2 km,  all  three  reconstructions  are  in  good 
agreement. 


TABLE  1.  CO»fPARISON  OP  EVA-II  TRAVERSE  STOPS  FROM  USGS, 

VLBI  AMD  SEP-LRV  NAVIGATION  DATA  (See  Figure  7) . 


STATION 

RANGE  (Km) 

SEP-LRV 

BEARING 

SEP-LRV 

VLBI 

USGS 

NAV  DATA 

VLBI 

USGS 

NAV  DATA 

EP-4 

.500 

.538 

.508 

80.4 

80 

83 

LRV-1 

2.603 

2.603 

2.645 

80.9 

78 

82 

LRV-2 

3.750 

3.729 

3.811 

81.4 

86 

83 

LRV-3 

4.248 

4.253 

4.325 

80.2 

87 

82 

HOLE  IN 
THE  WALL 

5.638 

5.683 

79.5 

81 

STN.  «2 

7.46 

7.6 

68 

71 

A sat  of  SEP  field  strength  data  is  shown  in  Figure  8. 
Bach  plot  contains  either  the  endfire  or  the  broadside 
components  for  one  frequency » plotted  as  a function  of  range, 
in  free-space  wavelengths.  The  data  are  plotted  to  either 
1.7  km  or  to  20  wavelengths. 
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For  each  frequency,  six  components  are  measured.  Three 
components  -^endfire,  and  and  broadside  are  maximum- 
coupled  for  a plane  layered  geometry,  while  the  other  three 
are  minimum-coupled  to  the  transmitted  signal.  For  all  six 
frequencies  the  maximum-coupled  components  have  an  average 
level  frcmi  5 to  15  dB  greater  than  the  minimum- coup led 
components.  These  results  are  in  direct  contrast  to  our 
glacial  studies.  In  all  our  glacier  runs  the  max  and  min 
components  were  approximately  equal  in  level  at  16  and  32 
MHz  (Strangway,  et  al. , 1974).  We  attributed  this  to  random 
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scatterers  (e.g.  crevasses)  in  the  ice  of  the  order  of  a 
wavelength  in  size.  We  therefore  conclude  that  there  are 
few  scattering  bodies  near  the  lunar  SEP  site  with  typical 
sizes  of  from  10  to  300  m.  Scattering  experiments  both  in 
the  scale  model  and  on  glaciers  support  this  conclusion. 

Further  confirmation  is  obtained,  by  an  examination 
of  the  H^-endfire  component.  This  component  has  a near- 
surface wave  so  large  that  it  effectively  masks  any  inter- 
ference. However,  if  near-surface  scattering  is  important, 
th^s  component  becomes  erratic.  As  can  be  seen  from  Figure  8, 
this  component  is  relatively  smooth  at  all  SEP  frequencies. 

The  residual  peaks  and  nulls  correlate  well  with  those  in 
the  -broadside  component.  Therefore  we  feel  that  these 
two  components  are  slightly  mixed  because  the  traverse  was 
not  completely  east-west  (l.e.  not  directly  off  the  end  of 
the^  endfire  antenna) . 
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The  other  two  maximum-coupled  components  (Hj>  and 
broadside)  have  been  the  most  important  for  interpretation 
(see  Figure  9) . At  16  and  32  MHz  the  number  of  peaks  and 
trc'ighs  per  free  space  wavelength  of  range  is  fairly  low, 
Indicating  a dielectric  constant  of  about  2 to  5.  However, 
the  lower  frequencies  show  somewhat  higher  beating  rates, 
indicating  a dielectric  constant  of  about  6 to  8,  and 
certainly  less  than  9 or  10.  These  observations  imply  that 
the  dielectric  constant  of  the  near-surface  material  is 
lower  than  that  of  deeper  material*  These  results  are 
consistent  with  the  dielectric  properties  of  a soil  layer 
over  solid  rock,  as  measured  on  returned  samples  (e.g. 
Olhoeft  ^ , 1973)  . 

The  loss  tangent  is  estimated  from  the  sharpness  of 
the  peaks  and  nulls  in  the  two  major  components.  This 
analysis  indicates  that  the  average  loss  tangent  of  the 
surface  layers  to  a depth  of  several  hundred  meters  is  less 
than  about  0.05.  The  fact  that  the  higher  frequencies  have 
strong  signal  levels  for  many  tens  of  wavelengths  from  the 
transmitter,  while  the  lower  frequencies  die  out  relatively 
quickly,  indicates  that  the  near  surface  material  may  have 
losses  in  the  order  of  0.01  or  less.  These  low  loss  values 
confirm  that  there  is  no  moisture  in  any  form  in  the  upper 
layers  of  the  moon. 
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structure  is  more  difficult  to  determine  unambiguously. 
By  comparing  the  two  major  components  to  suites  of  theore- 
tical curves  for  a plane  two-layer  geometry  (i.e.  dielectric 
layer  over  a dielectric  half-space) , no  single  set  of  para- 
meters has  been  found  that  gives  theoretical  curves  in  good 
agreement  with  the  data  at  all  frequencies.  Several  per- 
turbations from  the  two-layer  model  have  therefore  been 
suggested. 

One  possible  variation  is  sketched  in  Figure  10(a), 
showing  a thinning  layer  of  soil  over  rock.  The  inferred 
parameters  are  a layer  20  m thick  near  the  SEP  site,  with 
dielectric  constant  of  about  3 or  4,  thinning  to  15  m thick 
a few  hundred  meters  to  the  west.  The  lower  material  would 
have  a dielectric  constant  of  about  6 or  7.  Results  from 
the  Lunar  Seismic  Profiling  Experiment,  conducted  over  the 
same  region,  show  good  agreement  with  this  model  (Watkins 
and  Kovach,  1973).  The  basis  for  this  interpretation  is 
the  curve  for  2 MHz  broadside  (Figure  9(b)),  which  shows 
little  Interference  out  to  about  4 wavelengths  range,  but 
then  has  several  dramatic  peaks.  This  behaviour  suggests 
that  the  layer  is  just  thick  enough  near  the  transmitter 
that  little  energy  is  transmitted  either  through  the  layer 
or  through  the  subsurface.  However,  further  from  the  trans- 
mitter the  layer  becomes  so  thin  that  it  is  essentially 
transparent.  Although  we  have  no  rigorous  proof  that  this 
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happens  for  sloping  interfaces,  we  have  seen  similar 
behaviour  for  plane  layers  of  different  thicknesses. 

Table  2 lists  the  parameters  of  a three-layer  model, 
sketched  in  Figure  10(b).  This  model  assumes,  (i)  that 
layer  1 is  so  thin  that  it  is  essentially  transparent  to 
all  frequencies  but  16  and  32  MHz;  and,  (ii)  that  the 
boundary  between  layers  2 and  3 is  too  deep  to  have  much 
effect  on  16  and  32  MHz.  Theoretical  curves  for  this  model 
are  shown  for  comparison  to  the  data  in  Figure  9.  Although 
the  major  features  of  the  data  are  also  in  the  theoretical 
curves,  the  details  are  not  always  in  good  agreement.  This 
may  be  due  to  slight  adjustments  in  loss  tangent  (the 
particular  features  in  most  curves  are  very  dependent  on 
the  loss  tangent) , or  due  to  slight  dipping  of  the  inter- 
faces (as  mentioned  above).  However,  this  model  has  provided 
the  best  fit  to  all  the  data. 


TABLE  2.  PARAMETERS  FOR  BEST-FIT  3-LAYER  MODEL 
(See  Figures  9 and  10 (b) ) . 


Depth  (ro) 


Dielectric  constant  Loss  tangent 


Layer  1 


7 + 1 


100  + 10 


3.8  + 0.2 

7.5  + 0.5 
9 7 


0.008  + 0.004 


0.035  + 0.025 


Layer  2 
Layer  3 


00 


? 
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A third  model  which  has  been  suggested  (SEP  Team,  1974) 
is  that  the  dielectric  constant  increases  gradationally 
with  depth.  This  model  is  not  at  all  supported  by  the 
LSPE  seismic  data  (Watkins  and  Kovach,  1973) ; however,  this 
type  of  phenomenon  may  be  important,  especially  near  the 
surface. 

Conclusions 

Although  it  is  not  yet  possible  to  definitively  outline 
the  Taurus-Littrow  structure  from  SEP  data,  the  following 
conclusions  can  be  made: 

(1)  The  low  loss  tangents  required  for  interference  indi- 
cate (less  than  0.05)  Indicate  that  water  in  any  form  is 
not  present  in  the  Taurus-Littrow  area  to  a depth  of  at 
least  several  hundred  meters. 

(2)  Scattering  is  not  important  at  any  of  the  SEP  frequencies. 
This  implies  that  there  are  not  large  numbers  of  scattering 
bodies  with  typical  sizes  from  10  to  300  meters  in  the  area. 

(3)  The  dielectric  constant  is  about  2-5  near  the  surface, 
becoming  6 - 9 at  depth.  This  is  consistent  with  soil  over- 
lying  rock. 

(4)  No  plane  two-layer  theoretical  model  has  been  able  to 
fit  the  data  accurately.  A thinning  layer,  a three-layer 
model  or  grading  dielectric  properties  may  explain  the  data 
better. 
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(5)  The  Rover  navigation  data  recorded  on  EVA  II  to 
Station  2 is  in  good  agreement  with  VLBI  and  USGS  traverse 
reconstructions . 
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Figure  Captiont 

Fig.  1.  The  three  main  waves  used  in  radio  interferometry. 

The  suxface  wave  travels  above  the  surface  of  the  dielectric 
and  the  subsurface  wave  travels  just  below  it.  fiecause  these 
t%ro  waves  travel  at  different  velocities,  their  beat  frequency 
is  a function  of  the  dielectric  constant.  Any  reflected  waves 
from  a subsurface  horizon  also  influence  the  interference 
pattern  (after  Strangway,  st  al. , 1974). 

Fig.  2.  Theoretical  solutions  and  scale  model  data  for  a 
dielectric  over  a perfect  reflector.  The  inaccuracy  of  the 
geometric  optics  approach  for  thin  layer«  is  readily  apparent. 
This  type  of  comparison  confirms  that  the  theoretical  solutions 
are  correct  (after  Annan,  et  al. , 1974). 

Fig.  3.  Interpretation  of  radio  interferometry  data  from 
the  Athabasca  Glacier  by  con^arison  to  theoretical  curves. 
Although  any  single  component  may  have  many  good  matches 
to  theory,  by  demanding  good  fits  for  all  frequencies  and 
both  maximum  corqpled  components,  a unique  interpretation 
could  be  made  (after  Strangway,  et  al.,  1974). 

Fig.  4.  Nap  of  the  Taurus*Littrow  site,  showing  the  Apollo 
17  Lunar  Noving  Vehicle  traverses  (Mrked  1,  IX,  and  III), 
the  major  station  stops,  the  SEP  transsiitter  site,  and  the 
locations  of  the  BP->4  deployment.  SEP  data  were  collected 
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‘ along  the  first  portion  of  traverse  II  (from  NASA  Apollo  17 

traverse  planning  documents) . 

Fig.  5.  Sketch  of  the  EVA- I I traverse  recovered  frcmi  LRV 
navigation  data,  from  the  SEP  site  to  Station  2.  The  Rover 
stops  are  indicated. 

Fig.  6.  Orientation  of  the  SEP  antennas.  Three  orthogonal 
magnetic  field  components  are  measured  from  a transmitting 
antenna  approximately  broadside  to  the  traverse,  and  three 
fr<xn  an  antenna  endflre  to  the  traverse.  The  two  trans- 
mitting cuitennas  were  laid  out  on  the  surface  in  the  form  of 
a cross  and  activated  alternately  (after  Strangway,  et  al. , 
1974) . 

Fig.  7a,b,c.  EVA-II  traverse  reconstruction  as  compiled  from 
(i)  LRV  navigation  data  recorded  by  SEP;  (ii)  Goddard  Very 
Long  Baseline  Interferometry;  and  (ill)  U.S.G.S.  traverse 
* reconstruction  from  photographic  information.  The  three 
independent  reconstructions  are  in  good  agreement  out  to 
2 or  3 km,  although  they  disagree  more  than  expected  near 
LRV-2  and  3 (see  Table  1) . 

Fig.  8 (a-1) . The  surface  Electrical  Properties  Experiment 
data  for  all  36  components.  Each  component  has  been  plotted 
as  a function  of  free  space  wavelength,  out  to  1.7  )cm  or 
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20  wavelengths  (whichever  is  smaller) . The  vertical  scale 
is  in  dB,  with  a reference  at  -90  dBm,  as  shown.  The 
component  is  labelled  at  the  end  of  the  curve;  endfire, 
and  broadside  are  maximum  coupled;  the  others,  minimum 
coupled.  The  position  of  the  EP-4  deployment  is  indicated. 
Since  a 360*  turn  was  made  at  that  point,  the  values  during 
the  turn  have  been  removed.  Note  that  since  a standard  x-y 
plot  format  has  been  used,  west  is  to  the  right  in  these 
plots . 

Fig.  9 (a-f) . The  two  components  used  for  interpretation  - 
and  broadside  (solid  lines) . The  theoretical  curves 
for  the  parameters  given  in  Table  2 and  Figure  10(b)  are 
also  shown  (dashed  lines) . 

Fig.  10.  Two  possible  deviations  from  a two-layer  model: 

(a)  a thinning  layer  that  de-couples  the  subsurface  near 
the  SEP  site,  but  is  transparent  further  west;  (b)  a three- 
layer  model  (Table  2) . 


(MINIXUM  COUPLED)  rV  (MAXIMUM  COUPLED) 


RANGE  (X)  RANGE  (X)  RAN'GC  (X) 


O 


ORIGINAL  PAGE  IS 
OP  POOR  WALITY 


42 


1 


>','r'i'jm?'-'i'i 


Hfi.  f 4(k) 


4.0  MHZ.  APOLLO  17 

tvM  iini9«coi  N0  iNtciipeuiifeN 


16.0  MHZ.  APOLLO  17 

limn  KMvcoi  M (Nicivauniw 


16  MHZ.  IS  D8/IHCH 


i 


5 


fO 


' i: 

•tvl 


i 

C 


I 

I 

I 


i 


? 


ffi 


{>' 

a 

6 


v*> 

rV 

r* 


r • 

i 


o.* 

c- 

r» 

V 


o 


VI 


i 


V 

V 


iGINAL 

>'  POOR  QUAIiW 


4 


% 

I' 


f 


15.  Surface  Electrical  Properties  Experiment 
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The  surface  electrical  properties  (SEP)  experiment 
was  used  to  exploie  the  subsurface  materia!  of  the 
ApoQo  17  landing  site  by  means  of  electromagnetic 
radiation.  The  experiment  was  cfesigned  to  detect 
electrical  layering,  discrete  scattering  bodies,  and  the 
possible  presence  of  water.  From  the  analysis  of  the 
data,  it  was  expected  that  values  of  the  electrical 
properties  (dielectric  constant  and  loss  tangent)  of 
lunar  material  in  situ  would  be  obtained. 

The  SEP  experiment  is  Important  for  several 
reasons.  First,  the  values  of  the  electrical  properties 
of  the  outer  few  kilometers  of  rock  and  soil  of  the 
Moon,  measured  in  situ  for  the  first  time,  may  help 
othen  interpret  many  observations  already  made  with 
both  Earth-based  and  lunar  orbital  bistatic  radar. 
Second,  the  SEP  experiment  will  provide  data  that 
are  needed  to  interpret  the  observations  made  with 
the  lunar  sounder,  an  Apollo  17  orbital  experiment. 
In  the  Apollo  lunar  sounder  experiment,  the  time 
intervab  required  for  electromi^etic  waves  to  pene- 
trate the  Moon,  be  reflected,  and  return  to  the 
surface  of  the  Moon  were  measured.  Of  more  interest 
than  times,  however,  are  depths,  which  can  be 
obtained  from  the  lunar  sounder  delay  times  and  the 
dielectric  constant  that  Is  measured  in  the  SEP 
experiment.  Third,  the  results  of  the  SEP  experiment 
are  expected  to  help  define  the  stratigraphy  of  the 
Apollo  17  landing  rite.  Visual  observations  made  by 
the  crewmen  and  recorded  with  cameras  are  restricted 
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to  the  surface  of  the  Moon.  The  SEP  experiment  will 
extend  to  depth  those  visual  observations  made  at  the 
surface  and  perhaps  reveal  features  at  depth  that  do 
not  reach  the  surface. 

DESCRIPTION  OF  THE  EXPERIMENT 

The  baric  principle  of  the  SEP  experiment  is 
interferometry.  This  principle  involves  only  the  inter- 
ference of  two  or  more  waves  to  produce  an 
interference  pattern.  The  inversion  of  the  interference 
pattern  in  terms  of  the  spatial  distribution  of  the 
electrical  properties  is  the  baric  aim  of  the  experi- 
ment (fig  15-1).  The  experiment  is  most  easily 
understood  in  terms  of  a single  dipole  antenna  for 
radiating  electromagnetic  energy  and  a loop  receiver 
for  measuring  the  magnitudes  of  the  fields.  In  the 
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FIGURE  IS-l.-SimpUficd  schematic  diagram  of  the  SEP 
experiment.  Electromagnetic  radiation  from  the  trans- 
mitting dipole  antenna  trrvels  along  path  1 (above  the 
surface),  along  path  2 (below  the  surface),  and,  if 
reflectors  are  present,  along  path  S. 
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early  developmental  stages  of  this  experiment,  ex- 
actly this  configuration  was  used  (ref.  15-1). 

The  electromagnetic  energy  radiated  from  the 
transmitting  antenna  travels  along  various  paths.  In 
the  ^half-space**  case,  one  wave  travels  above  the 
interface  through  **free**  space  and  another  travels 
below  the  interface  through  subsurface  material. 
Because  the  velocity  of  electromagnetic  waves  in  a 
solid  medium  is  different  from  that  in  free  space,  the 
two  waves  interfere  and  produce  a distinctive  interfer- 
ence pattern.  This  case  has  been  studied  extensively 
from  both  experimental  and  theoretical  viewpoints 
since  1909  (ref.  15-2).  The  correct  mathematical 
solutions,  although  somewhat  complicated,  are  now 
well  known  (ref.  15-3).  An  example  of  a theoretical 
interference  pattern  for  the  half-space  case  is  shown 
in  figure  15-2.  The  spacing  between  successive  maxi- 
mums  or  successive  minimums  is  related  to  the 
frequency  of  the  wave  and  to  the  dielectric  constant 
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FIGURE  15*2.-Thaoi«tical  interference  pattern  for  a half- 
space  case,  in  which  medium  1 is  solid  and  medium  2 is 
free  space;  where  depth  medium  1 lost  tangent  p,  ■ 
0.0300»  medium  2 loss  tangent  p,  ^ medium  2 
dielectric  constant  and  frequency/*  299.1  MHt. 

The  symbol  Mg  represents  the  vertical  component  of  the 
magnetic  field.  The  points  on  the  ordinate  indicate  the 
maximum  (max)  values  of  each  wave  pattern. 


of  the  medium,  and  the  rate  at  which  the  field 
strength  decreases  with  distance  is  related  to  the  loss 
tangent  of  the  medium.  This  type  of  pattern  is 
present  in  some  of  the  lunar  data. 

If  a reflecting  hori2on  occurs  at  depth,  such  as  the 
case  shown  schematically  in  figure  15-1,  then  a 
reflected  wave  will  interfere  at  the  surface  of  the 
medium  with  the  other  waves.  Figure  15-3  is  a 
theoretical  curve  showing  the  distinct  interference 
patt'^rn  produced  by  a reflected  wave.  The  presence 
of  aoditional  reflecting  horizons  in  the  subsurface 
would  produce  still  more  complicated  interference 
patterns. 

In  the  Apollo  17  SEF  experiment,  two  crossed 
dipole  antennas  that  radiated  sequentially  were  used. 
In  addition,  several  frequencies- 1,  2.1,  4,  8.1,  16, 
and  32.1  MHz- were  used.  Because  each  transmitting 
antenna  radiates  at  each  frequency  for  a sufficiently 
long  time,  the  experiment  results  can  be  analyzed  in 
terms  of  continuous  waves.  The  shortest  sampling 
time  at  the  lowest  frequency  includes  approximately 
33  000  cycles. 

THEORETICAL  BASIS 

The  SEP  experiment  is  the  first  geophysical  field 
technique  to  use  the  dielectric  properties  of  rocks 
rather  than  the  conductive  properties.  In  that  sense, 
the  experiment  is  entirely  new.  Consequently,  all  the 


PIGURB  lS-3. -Theoretical  curve  for  the  case  of  a single 
layer  over  a lefiector.  The  layer  is  four  fiee-spaoe 
wavelengths  (4\, ) thick  (ref.  15-8). 
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experimental  techniques  and  most  of  the  theoretical 
basis  have  been  developed  specifically  for  the  lunar 
experiment.  Descriptions  of  the  early  versions  (circa 
1968)  of  the  technique  are  given  in  references  15-1, 
15-4,  and  15-5.  In  this  report,  the  physical  and 
mathematical  basis  of  the  experiment  is  outlined  and 
the  discussions  in  references  15-6  to  15-8  arc  fol- 
lowed. Theoretical  work  has  been  limited  to  the 
electric  and  magnetic  fields  that  result  from  dipole 
antennas  on  plane,  horizontal,  layered  media.  For 
mathematical  details,  the  reader  is  referred  to  the 
original  sources. 

In  the  theoretical  development,  consideration  is 
given  first  to  electroma^etic  propagation  in  an 
unbounded,  homogeneous,  isotropic  dissipative  med- 
ium and  next  to  propagation  near  the  plane  interface 
of  two  semi4nfinite  homogeneous  media  (specialized 
to  a lossy  dielectric  below  an  empty  (or  free)  space 
region,  popularly  called  the  half-space  case).  Then, 
the  effects  of  inhomogeneous  horizontal  stratification 
are  considered,  specialized  initially  to  a lossy  dielec- 
tric region  of  two  layers,  the  first  of  depth  d and  the 
second  of  infinite  depth  and  having  electrical  prop- 
erties differing  from  the  adjacent  layer  and  the 
semi-infinite  space  above. 

UNBOUNDED,  HOMOGENEOUS,  LOSSY 
DIELECTRIC  MEDIA 


a is  the  attenuation  constant.  A typical  component  of 
electric  field  £ at  a large  distance  R from  the 
radiating  source  varies  with  R according  to 

E « (15-!) 

where  £o  is  a reference  value  of  £ (independent  of 
R\ 

The  complex  relative  dielectric  constant  is 

'r  * * ‘r  ■ 

where  p is  the  loss  tangent 

P - - 60o  ^ (15-3) 

or  r 

with  Xo  the  free-space  wavelength  in  meters. 

The  refractive  index  relative  to  vacuum  is 

* (15-4) 

The  evaluation  of  the  complex  radical  may  be 
accomplished  by  the  SO-yr-old  method  of  G.  W. 
Pierce  (ref.  15-14),  recently  revived  by  King  (ref. 
1 5-9),  as  follows. 

’'l  - JP  ■ /(p)  - jff(p)  (15-5) 

where 


Electromagnetic  propagation  in  unbounded  dissi- 
pative media  it  treated  adequately  in  references  15-3 
and  lS-9  to  t5-I3.  Variation  of  electric  and  magnetic 
fields  with  time  f is  usually  expressed  as  exp((<o/) 
where  the  rotative  operator  / ^ and  the  radian 
frequency  w « 2n/  (s^ere  the  frequency  / is 
expressed  in  hertz);  this  exponential  is  hereafter 
tuppresaed.  Meter-ldlogram-second  units  are  used 
where,  in  vacuo,  the  dielectric  constant  or  permittiv- 
ity e,  ■ 1 X 10~*/36ir  F/m  and  the  permeability 
/lo  • 4n  X10“’  H/m.  The  phase  velocity  in  vacuo  is 
c » I/ViVoCo  ■ 3 X 10*  m/sec.  Mathematically,  the 
field  expressions  are  solutions  to  Maxwell’s  equations. 

The  dissipative  medium  is  characterized  by  its 
electrical  constants,  real  relative  dielectric  constant 
and  conductivity  o (mho/m).  (For  a vacuum,  e^  * 1 .) 
The  media  are  customirily  considered  to  be  nonmag- 
netic with  permeability  p > Mo-  The  finite  value  of  o 
gives  rise  to  a complex  relative  dielectric  constant  e|., 
a comfdex  refractive  index  Af,  and  a complex  phase 
constant  fi -fa  where  |J  is  the  phase  constant  and 


f{p)  ■ coshi 


8inn"‘  pj  - 

j(yji  *p^  *l) 

slnh"‘  pj  - j 

♦ p2  . 1 j 

m 

1/2 


Thus,  the  complex  phase  constant  k may  be 
written  as 

Jc  » e - Ja  » « Bj^CTfp)  - J>(p)] 


(15-6) 

where  the  phase  constant  (real)  in  vacuo  0^  • 2irAo  * 
oiy/tiofo-  Hence 

),  ratl/m  | 


« ■ 6^^  Kp/m 


(15-7) 
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When  the  loss  tangent  p is  small,  say  p < 0,5,  then 
f(p)  = 1 and  g{p)  = p/2;  this  is  the  case  encountered  in 
the  lunar  SEP  experiment,  so  that 


so-called  half-space  case:  the  integral  method  of 
solution  (ref.  15-3)  involves  general  integrals  ol  the 
type 


r[a,b,r)  = j Fl. 


a-y  h 

X)c  ^ ff*(Xr)A  d>  (I5-<)) 


60i!a  - / 

a a 

= 1.64  dB/Ka 

v> 

and  a is  independent  of  frequency.  If  o and  are 
constant  with  frequency,  then  p is  proportional  to/; 
if  p is  constant  with/,  then  o/Cf.  is  proportional  to/. 

Propagation  in  Layered  Media 

For  propagation  in  semi-infinite  space  near  and 
above  a semi-infinite,  homogeneous  (nonlayered) 
lossy  dielectric,  see  references  15-3,  15-9,  1 5-10,  and 
15-15  to  15-17.  References  15-16  and  15-17  arc 
especiaHy  useful  for  layered  media.  Earlier  applica- 
tion was  to  ground-wave  propagation  along  tlic 
surface  of  the  Earth,  generally  where  thic  loss  iangent 
of  the  Earth  is  large.  The  mathematical  solutions  are 
involved;  they  were  solved  initially  by  Sommcrfeld  in 
1909  (ref.  15-2)  with  later  (1926)  correction  of  the 
famous  \/^  sign  error  (ref.  15-18).  A complete 
history,  with  proof  of  the  existence  of  Sommcrfcld’s 
controversial  surface  wave,  is  given  by  Banos  (ref. 
15-3).  The  resulting  field  equations  (for  electric  field 
E and  magnetic  field  if)  depend  on  the  nature  of  the 
source.  In  theory*  there  arc  four  source  dipoles:  the 
horizontal  electric  dipole  (HED)  and  verti,3l  electric 
dipole  (wires),  the  horizontal  magnetic  dipole,  and 
the  vertical  magnetic  dipole  (VMD).  In  the  SEP 
experiment,  a tuned  series  of  wire  antenna  radiators 
(thus  extensions  of  the  elemental  HED)  is  used,  and 
the  cylindrical  coordinate  values  of  magnetic  field 
//p,  //^,  and  Hj  arc  measured. 

The  major  ^ffcrence  in  typical  ground-wave  prop- 
agation from  that  on  the  Moon  (or  in  earthbound 
glaciers  and  deserts)  is  in  the  low  values  of  and  p 
for  the  latter.  For  the  case  of  a semi-infinite  Moon 
below  semi-infinite  space,  the  solution  is  that  for  the 


where  the  function  fTX)  is  devoid  ol  cxpoiiemial 
behavior,  //J,  is  tlie  zero-order  Hankel  function  of  the 
first  kind,  and  7,*  - (X^  - ^/)*^*  tnay  be  called  a 
complex  propagation  factor  (/  *=  1 denoting  t!ic  lunar 
soil  and  / = 2 the  space  above).  The  variable  X used  in 
equations  (15-9)  and  (15-10)  is  a complex  separation 
(or  eigen)  vari.ible  of  integration  and  should  not  be 
confused  with  the  wavelength. 

In  a cylindrical  coordinate  system  with  the  source 
dipole  at  a height  fi  above  the  origin  of  the 
coordinates  (p,  z),  two  essential  integrals  U{a,h,r) 

and  V{a,b,r)  are  required  to  determine  the  vector 
potential  11  from  wludi  the  fields  E and  //  are 
derived.  The  relationship  of  E and  if  is  derived  from 
Maxwell’s  equations  and  continuity  relations  at  the 
space-diciectric  plane  boundary  {z  - 0).  The  U and  V 
integrals  differ  in  the  value  of  F{\)  used;  tlius,  for  the 
K integral 


r(>) 


1 z V \ 

(»;  - »;)(>'  - »S) 


(15-10) 


(15-11) 


In  equation  (15-11),  the  refractive  index  N (cq. 
(15-4))  is  tlic  reciprocal  of  n used  by  Banos  (ref. 
15-3)  and  others. 

For  evaluating  a component  of  the  magnetic  field 
(c.g.,  in  the  SEP  experiment,  the  U integral  is 
required  (actually  the  partial  derivative  of  U).  Here, 
a = 0,  />  = + 2,  and  the  exponential  involving  a In 

equation  (15*9)  is  unity;  thus,  U is  written  as 
t/(0,^,f).  If  /i  “ 0,  then  (/becomes  (/(0,z.r), 

The  integral  solution  involves,  generally,  saddle- 
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point  or  double-saddie-point  approxitnatiun  methods 
(ref.  15-3).  However,  if  /z  - z = 0,  the  solution  for 
6^0,0, r)  is  exact,  as  found  by  Van  der  Pol.  Thus,  the 
expressions  for  waves  broadside  to  the  horizontal 
wire  (HED)  are  exact  as  are  those  for  the  tangential 
component  of  electric  field  (VMD)  (first  noted  by 
Wait  (ref.  15-16)).  If  /z  or  z (or  both)  are  nonzero 
values,  approximate  methods  must  be  used;  these 
methods  are  very  laborious  because  complex  contour 
integration  must  be  used  with  consequent  studies  of 
poles  and  branch  cuts  in  the  integrals  !{a,b,r). 

The  resulting  field  expression  for  the  half-space 
case  consists  of  two  components,  one  a wave  traveling 
above  the  surface  with  the  phase  velocity  of  space 
and  the  second  a lateral  wave;  these  two  waves 
interfere.  An  example  is  shown  In  figure  1 5-2  for 
lateral  waves  broadside  to  an  HED  for  several  values 
of  Cf|  and  p\  = 0.03.  The  lateral  wave  is  that 
component  of  enei^  traveling  in  the  dielectric  but 
refracting  across  the  boundary  to  reach  the  receiver 
at  height  h^z. 

For  typical  terrestrial  soils,  the  loss  tangent  p of 
the  ground  is  so  high  that  the  lateral  wave  is  relatively 
too  small  to  be  observed.  However,  in  glaciers,  polar 
regions,  and  deserts,  such  interference  patterns  as 
those  diown  in  figure  15-3  may  be  observed. 

Horizontal  Stratification 

Two  Laym.-^w  propagation  in  stratified  re- 
gions has  been  treated  generally  by  Brekhovskikh 
(ref.  15-17)  and  Wait  (ref.  15-16);  the  properties  of 
antennas  in  such  regions  have  been  discussed  by 
Gakjs  (ref.  15-15).  As  specified  for  the  SEP  experi- 
ment, the  previously  mentioned  treatments  in  refer- 
ences 15-6  and  15-8  find  useful  application.  The 
geometry  is  that  of  figure  154.  The  solutions  arc 


» ' * 

FIGURE  154. -‘Geometry  for  the  case  of  a single  layer  over  a 
half  space.  Medium  1 , a > 0 (free  space);  medium  2,-h  < 
z < 0;  medium  3,  a < - /i. 


integrals,  similar  to  equation  (15-9).  The  theoretical 
problem  is  reduced  to  that  of  solving  the  integrals. 
Three  techniques  have  been  used:  (1)  numerical 
integration  on  a digital  computer,  (2)  asymptotic 
expansions  that  lead  to  geometrical  optics  approxi- 
mations, and  (3)  contour  integration  to  yield  a 
normal  moiie  solution  (mode).  In  the  geomclricai 
optics  approximation  (GOA)  method,  the  resulting 
field  at  the  receiver  consists  of  the  space  and  lateral 
wave  components  (the  half-space  case)  plus  those 
attributable  to  reflections  from  the  boundary  be- 
tween the  upper  layer  of  thickness  J and  the  lower 
semi-infinite  layer.  (Lateral  waves  at  ibis  bouiularv 
and  their  effects  have  been  generally  neglected.)  The 
formulation  of  reflections  is  approximate,  but  the 
GOA  solution  is  considered  satisfactory  if  the  depth  J 
is  greater  than  the  wavelength  X in  the  upper  layer. 
An  example  is  sliown  in  figure  15-3,  where  d = 4Xo, 
for  lateral  waves  broadside  to  an  HED.  In  the  mode 
approach,  the  contributions  to  the  integrals  arc 
identified  in  terms  of  the  nonnal  modes  of  wave 
propagation. 

Multiple  Airym.  Solutions  to  the  various  integrals 
(cq.  (15-9))  for  multiple  layers  can  also  be  obtained 
by  numerical  integration  and  by  using  normal  mode 
theory.  The  numerical  integration  method  (refs.  15-8 
and  15-19)  provides  quite  exact  solutions  but  requires 
much  computer  time;  however,  the  method  provides 
a ciieck  on  other  techniques  and  can  be  extended 
readily  to  large  numbers  of  layers,  in  the  GOA 
method,  the  problem  is  treated  in  terms  or  rays  (thus, 
distances  must  be  large  compared  with  various  wave- 
lengths); therefore,  solutions  that  arc  readily  inter- 
pretable  against  a background  of  physical  optics  arc 
provided.  Unfortunately,  the  GOA  is  invalid  for 
“thin”  layers,  the  case  for  both  glaciers  and  the  Moon 
foi  at  least  some  of  the  SEP  cxpcriincnf  frcqucnr*cs. 
The  fornuilation  and  solutions  for  certain  param* 
arc  given  in  icfercnces  15-6  and  15-8.  The  Ihcorcti  jl 
curve  for  one  set  of  parameters  is  shown  in  figure 
1 5-5.  The  lack  of  agreement  between  the  GOA  and 
the  numerical  integration  at  distances  less  than  7X  is 
caused  by  the  approximations  in  the  GOA  and 
indicates  clearly  Uiat  the  proper  solution  must  be 
chosen  for  a particular  experimental  situation.  The 
normal  mode  solution,  valid  for  thin  layers  such  as 
appear  to  be  present  at  the  Apollo  17  site,  wa.s 
formulated  by  Tsang,  Kong,  and  Simmons  (ref.  1 5-8). 

We  arc  rather  sure  tliat  our  various  formulations  of 
the  solution  are  correct.  These  formulations  have 
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FIGURE  15-5. “Comparison  of  the  geometrical  optics  ap- 
proximation (dashed  curve)  with  the  Tsang  exact  solution 
(solid  curve),  obtained  by  numerical  integration,  for  a 
single-layer  case  (ref.  15-8).  Note  the  excellent  agreement 
for  all  peaks  except  the  first. 

been  tested  against  field  data  collected  on  glaciers  for 
vAich  the  geometry  was  known  from  previous  investi- 
gations using  such  other  techniques  as  seismic,  grav- 
ity, and  drilling  (refs.  15-1,  15-8,  and  15-20).  They 
have  also  been  tested  against  laboratory  data  obtained 
with  analog  scale  models. 

The  antenna  radiation  patterns  of  both  the  receiv- 
ing loops  and  the  transmitting  dipoles  arc  important 
in  the  analysis  of  the  lunar  data.  The  theoretical 
patterns  for  the  transmitting  antenna  have  been 
calculated  (ref.  15-21),  and  the  results  arc  shown  in 
figure  15-6.  It  has  not  been  possible  to  calculate,  with 
equal  confidence,  the  patterns  for  the  receiving 
antennas  because  of  the  effects  of  the  lunar  roving 
vehicle  (LRV).  From  the  data  obtained  on  the  Moon, 
however,  it  is  deduced  that  the  influence  on  the 
component  is  minimal;  thus,  our  preliminary  data 
analysis  is  based  on  that  component.  In  order  to 
interpret  the  and  components,  the  effee*  of 
the  radiation  pattern  of  the  receiving  antenna  must  be 
removed. 

THE  EQUIPMENT 

On  the  Moon,  tlie  crewmen  deployed  a small, 
low-power  transmitter  (fig.  15-7)  and  laid  on  the 
surface  two  crossed  dipole  antennas  that  were  70  m 
long  tip  to  tip.  Ttie  receiver  and  receiving  antennas, 
sliown  in  figure  15-8,  were  mounted  on  the  LRV. 
Inside  the  receiver,  there  was  a tape  recorder  which 
recorded  the  data  on  magnetic  tape.  The  entire  tape 
recorder,  the  data  storage  electronics  assembly 
(DSEA),  was  returned  to  Earth.  In  addition  to  the 
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riGURL  15-6. “Model  of  the  theoretical  radiation  pattern 
for  tlic  SEP  experiment  transmitting  antenna  on  the 
Moon  tref.  15-27).  (a)  Diagram,  lb)  Plu>tograph. 


SEP  cx|)eriment  data,  information  on  the  location  of 
:he  LRV,  obtained  from  the  LRV  navigation  system, 
was  also  recorded  on  the  tape. 

Description 

The  electromagnetic  radiation  at  the  six  SlU* 
experiment  frequencies  is  transmitted  and  received 
according  to  the  scheme  shown  in  figure  IS-*).  One 
data  frame,  which  Is  1H.4  sec  in  ilmation,  consi.sts  of 
six  6.4-sec  subtraincs  that  are  identical  except  Im  the 
receiver  calthratioii  and  synch roni/.alion  process.  In 
subframe  I,  for  example,  the  receiver  is  calibraieil  at 
32. 1 and  16  MHz  and  the  syncltroni/ation  signal  is 
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FIGURE  lS*7.-The  SEP  experiment  transmitter  shown  with 
the  (obr  panel  power  source  and  dipole  antennas  de- 
ployed. The  transmitter  electronics  package  is  covered  on 
the  bottom  five  sides  with  a thermal  blanket.  Because  the 
top  of  the  unit  is  shaded  by  the  solar  panel,  the  uncovered 
svrfaoe  needs  only  a coat  of  thermal  paint  to  provide 
adequate  cooling  for  the  enclosed  eloctronics.  The  balance 
between  heat  lost  to  cold  space  by  rodiation  and  that 
generated  inside  the  unit  by  the  electronics  equipment  is 
very  delicate  and  requires  careful  thermal  design. 

Uinsmitted  on  the  north-south  (N-S)  dipole  antenna 
and  received  on  the  X antenna.  In  subfranw  2,  the 
receiver  is  calibrated  at  8.1  and  4 MHz  and  the 
qmchronization  signal  is  transmitted  on  the  east-west 
(E-W)  antenna  and  received  on  the  Y antenna.  Each 
experiment  frequency  sequence  is  repeated  exactly  as 
shown  in  all  dx  subframes.  Each  experiment  lie- 
quency  is  transmitted  first  on  the  N-S  antenna  for 
100  msec  and  then  on  the  E-W  antenna  for  100  msec. 
During  each  100-msec  transmission  interval,  the 
receiver  “looks”  at  tire  transmitted  signal  for  a period 
of  33  msec  with  each  of  the  three  orthogimal  (X,Y,Z) 
receiving  loops.  In  addition  to  the  preceding  opera- 
tions, once  each  subframe,  the  receiver  observes 
environmental  noise  and  records  its  amplitude. 


I 


MGURE  15-H.  The  SEP  cxocrimcnt  receiver  and  antennav 
The  receiver  elcctrontcn,  including  tape  recorder  and 
battery,  ore  contained  in  the  box  (23  cm*),  which  uimally 
is  complelcly  enclosed  in  u therinal  blanket.  3'bc  thermal 
bbiiket  has  hi*en  opened  to  show  optical  surfai'c  reflec- 
tors. Tile  three4oop  antenna  assembly,  I'okleit  during  Ihe 
ji>urncy  to  the  Moon,  is  shown  unfoldett  as  it  was  used  on 
the  Moon. 

Tlic  receiver  acquires  ihc  transmitter  signal  se- 
quence automatically  as  tong  as  the  signal  exceeds  a 
given  throsikold.  Synchronization  of  llic  receiver  is 
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FIGURE  15-9.-The  SEP  experiment  data  format.  The  basic 
cyck»  shown  in  the  center  of  the  diagram,  starts  with  the 
16-MHx  signal  and  ends  with  the  synchronization  (sync) 
frame  in  the  lower  r^t  comer.  The  cycle  is  6.4  sec  long. 
(Values  arc  frequencies  in  m^ahertz.)  The  upper  part  of 
the  figure  shows  a typical  '*data**  frame.  However,  the 
single  calibration  (cal)  frame  changes  successively  through 
the  subframe  (SF)  sequence  shown  at  the  bottom  of  the 
diagram. 


accomplished  when  both  (or  either  oO  the  I*  and 
2*l*MHz  signils  exceed  a given  threshold.  A block 
diagram  of  the  SEP  experiment  receiver  Is  shown  in 
figure  15-10. 

The  loop  antennas  are  connected  sequentially  to  a 
low-note  amplifier  section,  which  amplifies,  converts 
(in  frequency)*  and  logarithmically  compresses  the 
amplitude  of  the  received  signal.  A constant  ampli- 
tude, variable  frequency  signal  (in  the  band  300  to 
3000  fb)  coneiponding  to  the  logarithm  of  the 
received  signal  amplitude  was  recorded  on  magnetic 
tape  In  the  DSEA.  The  DSEA  can  record  nearly  10  hr 
of  data.  Upon  completion  of  the  experiment,  the 
DSEA  was  removed  from  the  receiver  for  return  to 
Earth. 


Such  functions  as  signal  synchronization,  fre- 
quency mixing,  and  antenna  switching  are  controlled 
by  the  timing  section,  which  is,  in  turn,  crystal 
controlled  for  stability.  The  entire  receiver  assembly 
is  battery  powered  using  primary  cells  and  is  en- 
closed, except  for  the  antenna  asscmbly,in  a thermal 
blanket.  The  thermal  blanket  has  two  flaps  that  may 
be  opened  to  expose  optical  surface  reflectors,  which 
form  a thermal  radiator  for  internally  produced  heat 
wliile  reflecting  heat  from  the  Sun,  to  control  the 
internal  temperature  of  the  receiver. 

The  SEP  experiment  transmitter  (figs.  15-7  and 
15-11)  is  powered  by  solar  cell  pan  Is  that  arc 
designed  to  provide  a minimum  output  of  10.0  W at 
15  V and  1.10  W at  5 V.  Like  the  receiver,  the 
transmitter  timing  sequence  is  crystal  controlled  frr 
stability.  Also,  separate  stable  crystal  osdiiators 
generate  the  signals  that  are  radiated  by  the  dipole 
antennas  placed  on  the  lunar  surface.  Because  the 
antennas  are  required  to  radiate  energy  at  six  differ- 
ent frequencies,  they  are  constructed  in  se  ;tions  (fig. 
15-12),  and  each  section  is  electrically  separated  by 
electrical  filters  (signal  traps).  Each  section  of  the 
antenna  is  of  the  proper  electrical  length  for  optimum 
performance.  The  dipole  antennas,  each  70  m long 
(tip  to  tip),  are  made  of  insulated  wire  between  signal 
traps  and  were  stored  on  reels  until  deployed. 

Performance  on  the  Lunar  Surface 

The  crewmen  deployed  the  SEP  experiment  equip- 
ment uring  the  first  period  of  extravehicular  activity 
(EVA  > Photographs  of  the  receiver  and  of  the 
transmitter  and  the  transmitting  antenna  are  shown  In 
figures  15-13  and  15-14,  respectively.  Stereographic 
photographs  will  be  used  to  obtain  the  location  of  the 
starting  point  of  the  SEP  experiment  profiles  to 
within  1 m.  The  LRV,  with  its  navigation  system,  was 
used  to  mark  straight,  orthogonal  lines  to  be  used  as 
guides  for  deploying  the  antenna.  Especially  impor- 
tant for  the  analysis  of  the  data  was  the  fact  that  the 
arms  of  the  tranunitting  antenna  were  laid  out 
straight  and  at  right  angles  to  each  other.  The  SEP 
experiment  operations  were  nominal  during  EVA-1. 
During  the  rest  period  between  FVA-I  and  EVA-2, 
however,  the  temperature  of  the  SEP  experiment 
receiver  increased;  subsequent  overheating  hampered 
the  SEP  experiment  operation  until  the  DSEA  re- 
corder was  removed  in  the  middle  of  EVA-3  to 
prevent  loss  of  data  that  had  been  recorded  already 


15-10 


APOLLO  17  PRELIMrNARY  SnFNC  K REPORT 


OscHlilof  Miming  modutt 
FregutncyginfrUor 


IHUNzosc 


Atttnualof 


M-MHzok 


Attenuitor 


4.0-MHzmc 


J 


Atttnuil»r 


8.IHMHZ0IC 


AtttnuHor 


lA.tHMHzoK 


Attinualof 


3?.1HMHzok 


AfttnuHor 


Summtr 

and 

di.'idar 


-J 


I Timtr 


l.OlHMHi 

deck 

1 1 

i 

sigutnetr 

H 

r975 

T)m«r 

— 

jI 

sigutneer 

» To 
osciMalors 


To 

N-5 

dfivari 


To 

drivtrs 


^ Ori¥er  amplTfltr  module  "I  Antenna^ 
464745 


1 X 


^ o 


XX 


Driver 

amplilter 


Driver 

ampttfier 


J 

HS 

1 

J 


; J 


♦5V 


♦15  V 


FIGURE  15-11. -Block  diap^am  of  the  SEP  experiment  tranMnitler. 


on  the  magnetic  tape.  The  receiver  contained  a 
thermometer  that  was  monitored  by  the  crewmen. 
Despite  the  efforts  of  the  crewmen  to  control  the 
temperature,  the  receiver  became  too  hot  and  was 
turned  off  by  a thermally  operated  switch. 

Data  were  obtained  during  EVA-2  on  the  traverses 
from  the  SEP  experiment  site  toward  station  2 and 
from  station  4 toward  the  SEP  experiment  site.  Data 
were  not  obtaiimd  during  th~  early  part  of  EVA-3 
because  the  receiver  switch  wu  in  tiw  “standby"  po- 
sition rather  than  “operate.”  Apparently,  the  trans- 
mitter operated  nomi^y  throughout  the  mission. 

THE  DATA 

Three  kinds  of  data  were  recorded  hi  the  SEP 
eatperiment:  navigational  data,  electromagnetic  fleld 
strengths,  and  the  bitemal  temperature  of  the  re- 
ceiver. The  navigation^  data,  obt^ned  from  the  LRV 
navigation  qrstem,  induded  odometer  pulses  at  O.S*m 
incremerits  ffom  two  wheels,  the  computed  range  to 


the  SEP  experiment  transmitter  in  lOO-m  increments, 
and  the  computed  bearing  to  the  SEP  experiment 
transmitter  in  I*  increments.  The  navigational  data 
are  approximate  because  of  wheel  slippage  on  the 
lunar  surface  »id  will  be  improved  greatly  by 
including  additirmal  data  on  the  LRV  location  ob- 
tained from  photographs,  crew  comments,  and  long- 
baseline  interferometry. 

The  aeccmd  kind  of  data,  the  primary  SEP  experi- 
ment data,  consists  of  the  three  orthr^onal  mognetic 
components  //,,  and  recorded  as  a functiwi 
of  frequency  and  of  troismitting  antenna  (N-S  or 
E-W).  An  example  of  the  fleld  strength  data  is  shown 
in  flgure  IS-IS. 

The  third  kind  of  data,  temperature  of  the  SEP 
experiment  receiver,  was  obtained  for  use  in  the 
postfli^t  nalytis  of  the  experiment.  Because  of  the 
sensitivity  of  all  magnetic  tape  to  temperature,  the 
potential  loa  of  data  from  excessive  temperature  in 
the  SEP  experiment  receiver  had  been  aniidpaied. 
Although  protection  against  overheating  had  been 
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FIGURE  t5-12.*Ekctrici!  ichatnatlc  dtagram  of  the  SEP  experiment  transmitting  afitcmm.  Only 
one*hatf  is  shown  because  the  antenna  is  symmetric  about  the  midpoint  (A\  A).  Total  physical 
length  (tip  to  tip)  of  each  section  of  the  antenna  used  for  each  SEP  experiment  frequency  is  2. 4* 
I,  32,  SAd  70  m.  The  symbol  / represents  impedance,  and  the  components  labeled  to  I .,  are 
fIRers. 


FIGURE  tS«13»*Tlie  SEP  experiment  leccim  mounted  on 
theLRV(ASI7*141.2I512). 


FfGURL  15*l5.-Comperison  of  lunar  dale  for  Vh-Mlla, 
N»S  Irammitting  antenna  with  the  theoretical  curve 
celculnled  from  mode  theory,  huameiers  ate  giveii  m 
UhletM. 


pa  built  in.  It  was  desired  to  hive  date  on  Ihe  actual 

temperature.  A portion  of  the  temperature  curve  Is 
dtown  bi  figure  1S«I6. 
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FKSURE  1M4,-T1ie  SEP  experlmeiit  traa.jidtter  and  an- 
tenna deployed  at  the  ApoBo  17  site  (ASI7-I4I-21517). 


PRELIMINARY  ANALYSIS 

The  anidysit  of  each  individual  component  at  each 
frequency  for  of  the  trantmittbig  antenna 
orientations  la  quite  strai|^tforward.  Haeuever,  a 
iln^  model  dial  fits  aU  the  data  has  not  been  found, 
perhaps  became  of  the  Cmitatioiii  of  our  present 
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PIGUR£  lS*l<.-liMMnal  mnpmtint  ptolUe  of  the  SEP 
«pMim«nt  m*ivtT  dmiiif  the  tramw  from  the  SEP 
expniiMal  4tc  to  (UHoii  3 on  Dtombw  13, 1973. 
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tiwoittical  dmlopimnt.  For  rigorous  solutiunt,  we 
aie  Minited  to  models  with  homogeneous  byeis 
bounded  by  plane,  horizontal  surfaces.  However,  even 
within  the  Hmitstions  of  our  present  theory,  values  of 
the  properties  of  the  lunar  material  in  situ  have  been 
estimated,  and  some  interesting  conclusions  about  the 
dectrical  rimeture  of  the  Taurus>Littrow  site  have 
been  obtained. 

The  diacuirion  in  this  report  is  based  mainly  on 
the  anriysis  of  //,,  the  vertical  component  of  the 
magnetic  Bald,  for  two  reasons.  Rrst,  althouj^  the 
radiation  patterns  of  the  receiving  antennas  have  not 
been  measured,  it  is  expected  that  the  If,  data  are  leu 
distorted  than  those  ^ the  other  two  components. 
Second,  the  appearance  of  the  If,  data  resembles 
more  ckwriy  tlw  ^cier  data,  which  comprise  our 
background  da's. 

Two  quite  diflietent  structural  models  of  the 
ApoQo  17  rite  have  been  developed  to  account  for 
the  observations.  Although  neither  is  baaed  on  rigor> 
ous  theory,  we  believe  that  each  is  correct  far  the 
essential  features.  The  first  model,  preferred  by  most 
members  of  the  SEP  experiment  team,  is  one  in 
which  the  dielectric  constant  increases  with  depth. 
Each  of  the  lunar  profiles  can  be  matched  quite  well 
with  the  theoretlr^  curves  based  on  a sin^  layer. 
The  parameters  for  each  of  these  six  sbigfo'layer 
modds  are  riiown  in  table  IS>l,and  a typical  example 
of  the  match  between  the  theoretical  and  observed 
curves  is  shown  in  %ire  I5<IS.  The  composite  of 
these  several  models  is  shoam  in  figure  IS*I7.  Ws 
bdieve  that  the  If,  data  indicate  that  the  dielectric 
omstant  farcreasas  with  depth  from  a value  of  2.S  to  3 


near  the  surface  to  approximately  5 at  a depth  of  SO 
to  60  m.  A discontinuity  is  present  at  SO  to  60  m, 
where  t,  increases  to  a value  of  6 to  6.S.  Because  no 
reflection  appears  to  be  pi.*sent  in  the  NilHz  data, 
we  expect  that  e,  does  not  increase  between  ■.'!  m 
and  at  least  2.S  km.  Compared  to  terrestrial  v.<  <es, 
the  loss  tangent  is  quite  low  (approximately  0X103)  at 
all  SEP  experiment  frequencies.  On  the  bmis  of  this 
low  value  of  the  loss  tangent,  we  infer  that  water  is 
probably  not  present  at  the  Apollo  17  site. 

In  the  alternate  structural  model,  the  cause  of  tlie 
apparent  change  of  dielectric  constant  with  depth  is 
assigned  to  a sloping  interface  between  a thin  upper 
layer  with  c^  ■ 3 to  e,  • 4 and  p < 0.04  and  a thick 
kih/er  layer  with  e^  • 6.S  and  p • 0.04.  Rigorous 
theoretical  expressions  have  not  yet  been  obtained 
for  this  case  cither,  itowever,  we  have  confidence  in 
the  general  effects  attributed  to  a sloping  interface 
because  of  the  following  limiting  cases  of  horizontal 
interfaces. 

1.  For  a very  thin  layer  (thickness  < 0.IX).  tlie 
interference  pattern  Is  equivalent  to  that  of  a half 
^Mce  in  which  Md  p hm  the  values  of  the  lower 
layer  (flg.  1 5- 1 8.  upper  curve). 

2.  For  a layer  with  ihkhncss  between  0.IX  and 
0..‘i\,  the  indivhtual  "wiggiet**  of  the  interference 
pattern  disappear  (flg.  15-18.  intermediate  curves). 

3.  For  a layer  with  thicknctt  greater  than  ^ipnixi- 
mately  0.  U.  the  usual  *Yeflected**  wave  appears  in 
the  pattern. 

The  sensitivity  of  the  interftrence  pattern  of  a thhi 
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leyar  it  ped<ap»  20  m Ihkk  beneath  the  SEF 
experiment  rile  and  ihtoie  IS  m al  station  2.  In 
addition,  there  is  a htoit  ^ a diicontiniiity  in  e,  at  a 
depth  of  approximately  300  m. 
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CONCLUSIONS 

1.  The  relative  dielectric  constant  of  the  lunar 
material  at  Taunis*littrow,  at  frequencies  of  1 to  32 
MHz,  is  approximately  3 to  4 near  the  surface  and 
increases  to  6 to  7 at  a depth  of  approximately  50  m. 
The  loss  tangent  is  less  than  0.04  and  possibly  as  low 
as  0.003. 

2.  The  electrical  structure  at  Taurus-Littrow  is  not 
simple  horizontal  layering. 

3.  No  liquid  water  is  present  in  the  outer  1 to  2 
km. 

4.  Scattering  of  eIectromr«gnetic  waves  at  fre- 
quencies of  1 to  32  MHz  is  insigniHcant. 

5.  Continuing  postflight  analysis  of  navigational 
data,  photographs,  and  other  data  will  provide  loca- 
tion of  the  LRV  on  the  EVA-2  traverse  to  an 
accuracy  of  a few  meters. 

6.  Additional  theoretical  and  scale  model  work  is 
being  done  to  solve  the  problem  of  continuous 
variation  with  depth  of  the  dielectric  properties  and 
the  probtem  of  dipping  interface. 
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Abstract 


The  radio  interferometry  technique  described  by  Rossiter  et.al , (1973) 
1$  used  to  study  extremely  resistive  electrical  structures.  This  paper 
describes  an  inversion  procedure  which  can  be  applied  to  measurements  of 
the  fields  radiated  by  a 1ong>1ine  current  source.  The  measurements  are 
the  amplitude  of  one  magnetic  field  component  and  the  complex  ratio  of 
the  two  (vertical  and  horizontal)  magnetic  field  components.  Data  can 
be  directly  inverted  to  the  point  of  obtaining  a plane-wave  impedance 
spectrum.  The  Frechet  kernels  (used  to  obtain  the  dielectric  structure 
from  the  Impedance  spectrum  by  the  Backus-Gilbert  method)  are  derived. 
Processing  the  data  to  obtain  the  impedance  spectrum  should  speed  up 
the  inversion  process.  The  procedure  for  deriving  the  impedance 
spectrum  indicates  whether  the  data  is  inconsistent  with  a layered 
model.  If  there  are  several  spectra  which  are  consistent  with  the 
observations,  they  are  all  retrieved. 


/ 


Introduction 


Traverse  measurements  of  radio  waves  from  a stationary  transmitter 
can  be  used  to  study  the  depth  variation  of  electrical  parameters  in  a 
sufficiently  I'esistive  electrical  environment.  This  type  of  study 
(called  radio  interferometry)  has  been  performed  on  glaciers  (Rossi ter 
et.  al.t  1973,  Strangway  et.  al..  1973)  and  on  the  moon  (Simmons  et.  al.,  Iif73). 
It  is  also  probably  applicable  to  permafrost  areas. 

The  principle  feature  of  the  data  is  the  variation  of  signal  strength 
with  distance  (Figure  2).  The  peak-and-null  pattern  is  the  result  of 
Interference  of  direct  waves  which  have  traveled  through  the  air,  with  waves 
which  have  traveled  through  the  dielectric.  The  distinct  velocities  create 
phase  differences  which  lead  to  wave  interference  (Annan,  1973). 

The  advantage  of  this  method  over  higher-frequency 'time-del ay- 
measurement  sounding  methods  is  that  a direct  measurement  of  the  wave 
velocity  in  the  dielectric  is  obtained,  and  no  assumption  needs  to  be 
made  about  this  parameter. 

We  assume  a line-current  source  of  radio  energ.  The  source  lies 
on  the  y-axis.  The  z-axis  is  vertical  upward.  Traverses  are  performed 
along  the  x-axis.  Our  model  for  the  electrical  structure  of  the  earth 
is  a generalized  layered  dielectric  (Figure  1)  with  e * e(z). 

It  would  be  highly  desirable  to  measure  the  amplitude  and  phase  of 
the  various  components  as  a function  of  distance  from  the  transmitter. 

To  optimize  the  effects  of  the  structure  on  the  data,  however,  frequencies 
are  chosen  such  that  the  size  of  the  structure  and  the  wavelength  are 


I 


nearly  the  same.  For  glacier  and  lunar  problems  this  dictates  frequencies 
in  the  megahertz  range  (Rossiter  et.  al..  1973).  At  these  frequencies, 
no  phase  reference  is  available  which  can  be  carried  in  a traverse 
vehicle  and  which  maintains  transmitter  phase  for  many  minutes. 

It  is  not  difficult,  though,  to  measure  relative  phase  between  two 
or  more  EM  components.  For  this  reason,  we  assume  that  a measurement 
of  the  ratio  H^/H^  is  made  along  the  traverse.  This  gives  us  an  analytic 
function  with  which  to  work.  It  will  be  assumed  that  f 0 anywhere 
on  the  traverse.  Conditions  for  total  destructive  Interference  are  quite 
stringent,  and  experience  with  glacier  and  lunar  data  indicates  that 
Is  unmeasurably  small  only  on  rare  occasion.  In  such  a case,  the 
reciprocal  ratio  can  be  used  unless  is  similarly  ill-behaved. 

The  purpose  of  this  paper  is  to  show  how  a ratio  na^asurement  such 
as  Hj/H^  can  be  processed  for  application  of  the  Backus-Gilbert  inversion 
algorithm.  Derivations  an*  carried  to  the  point  where  the  Backus-Gilbert 
theory  may  be  applied,  but  the  inversion  process  itself  will  not  be 
discussed  (see,  for  example,  Wiggins,  1972,  Gilbert,  1972,  or  Parker,  1970). 


I.  The  Forward  Problem 
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To  develop  a consistent  notation,  we  will  first  solve  the  forward 
pfx>blem.  Me  temporarily  assume  that  the  general  layered  dielectric 
defined  by 

£ « eco 

is  in  fact  a piecewise  constant  function  given  by 

0 

p > « » - <i| 

(2) 


The  various  d^  are  the  (positive)  depths  to  the  dielectric  interfaces. 
Magnetic  permeability  is  constant  with  fxs. 

The  source  current  is  given  by 


Tj  t*,»>  » €y 


(3) 


: \ 


This  can  be  broken  into  component  parts  according  to  horizontal 
wavenumber:  ^ 

T,  « iy  ^ I «■  * 


If  we  define  by 


*•,*«»>*  ey  ^ 


(4) 


(5) 


/■ 


,1 


then  (4)  becomes 


(6) 

The  approach  we  take  to  the  forward  problem  is  to  find  the  fields 
which  result  from  each  partial  source  Jj(x,z;kj^),  then  integrate 
over  kjj  as  in  (6)  to  find  the  fields  from  the  total  source  Tj(x,z). 
Vtorking  with  a single  partial  sOurce  J (x,z;k  ) all  fields  will 

S X ^ 

Ik  X 

vary  as  e * . This  factor  will  be  suppressed  until  the  final 


recomposition  of  the  total  fields.  Time  dependence  is  e 
equations  are 

«y  • E,  * Ej  ■ 0 


-iiat 


K * k»  Ey 


Maxwel 1 ' s 

(7) 

(8) 
(9) 

(10) 


Equations  (8)  and  (9)  can  be  substituted  into  (10)  to  give  the  wave 
equation 

c»v«  -lOs  ' ® 


(11) 


There  are  two  Independent  solutions  to  (11 )•  representing  up-  and 
down-going  waves.  A well-known  procedure  assigns  arbitrary  amplitude 
and  phase  to  the  down-going  wave  at  the  bottom  of  the  model , then 


matches  boundary  conditions  at  successively  higher  interfaces  until  the 
waves  are  known  at  the  surface  z 0.  Because  the  wave  at  the  bottom 
was  arbitrarily  chosen,  the  ratio  of  the  upgoing  to  the  downgoing  wave 
at  z • 0 is  what  has  really  been  determined.  By  appropriate  application 
of  equations  (8)  - (10),  this  can  be  converted  into  a determination  of 
the  ratio  E„/H  just  below  z = 0. 

Vie  define  the  Impedance  by 

1 *Ck,)  = \ ^ 

H * tk. ) <’2: 


The  superscripts  refer  to  values  just  above  (-*^)  or  just  below  (-)  the 
surface  z * 0.  The  impedance  will  later  be  generalized  as  a function 
of  depth.  The  value  1“  has  been  found  and  is  dependent .only  on  the 
structure  in  the  region* z<0.  The  value  is  found  for  upgoing  waves 


in  z>0: 
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The  square  root  is  chosen  with  the  condition  k^>  0. 

Vie  now  apply  boundary  conditions  at  z'«  0.  The  electric  field  is 
continuous 

Ey*  • Ey*  (1 

The  magnetic  field  is  discontinuous,  due  to  the  partial  source  current 


«*  - «x  • ’ 
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We  rewrite  (14)  using  (12): 

i*n:  - 1-  h;  - o 

This  s«t  of  equations  1$  solved  for  H 


Ht  = 


r-1* 

Application  of  (12)  gives 
Application  of  (8)  to  (18)  gives 
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H. 
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(16) 


(17) 


(18) 


(19) 


We  have  derived  the  fields  resulting  from  a source  element 
Jj(x»z;k^).  To  get  the  total  fields  due  to  the  line  source  7^(x»z)p 


we  reinstate  the  suppressed  factor  e^*^x*  and  Integrate  over  k^; 
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II.  Converting  Field  Measurements  to  Impedances 


The  next  step  In  the  Inversion  Is  to  convert  the  measured  ratio 
K>1  M * OC) 

IJT'cx)" 

into  an  Impedance  spectrum.  Our  goal  Is  to  retrieve  This 

step  Is  analogous  to  the  surface  harmonic  decomposition  which  Is 
performed  on  geomagnetic  data  crlor  to  Inverting  It  Into  a mantle 
conductivity  structure.  The  result  Is  a set  of  Independent  measurements 
In  the  sense  that  each  might  have  been  made  without  the  others.  In 
our  case*  such  an  experiment  would  consist  of  an  Impedance  measurement 
for  a single  plane-wave.  It  Is  trivial  to  Independently  model  a 
structure  which  satisfies  each  measurement:  a halfspace  of  constant 
C will  do  nicely.  The  difficult  task*  of  course*  Is  to  find  a model 
£ (z)  which  satisfies  the  entire  spectrum  of  Impedance  measurements 
simultaneously. 


He  apply  (20)  and  (21)  to  (23): 
.1  . hA. 


since  (24)  must  hold  at  each  point  x*  It  represents  a cumbersome  set 
of  simultaneous  Integral  equations  for  A more  useful  form 
can  be  obtained  by  Fourier  transforming  both  sides  of  (24): 


whert 


(25) 


1$  the  Fourier  transform  of  the  measurements  M(x).  Equation  ‘25)  Is 
a homogeneous  polar  Fredholm  equation  of  the  second  kind.  The  Integral 
appears  to  be  singular  at  » 0,  but  * 0,  representing  a 

vertically-propagating  wave  with  no  vertical  fields.  Since  k^,  1*^ 
and  are  all  odd  functions  of  k^,  the  Integral  can  be  changed  to  a 
semi-infinite  one  with  kernel  [m(lj^  - k^^)  .-  m(lj^  ♦ k^^)}. 

Since  the  kernel  of  equation  (25)  Is  observational  and  not 
mathematical,  the  solution  will  be  a computational  problem  and  (25) 
will  become  a matrix  equation.  The  discrete  approximation  to  (25)  Is 


A • I 


(27) 


where  m Is  a Toeplltz  matrix  whose  rows  are  the  function  m(-k^) 

» m. 

shifted  by  1^;  m Is  antisymmetric.  The  diagonal  matrix  d takes  the 

values  of  . 

Ki* 


Two  problems  confront  us:  1)  is  there  a solution  to  (27),  and 
2)  Is  It  unique?  Since  (27)  Is  an  eigenvalue  form,  the  existence 
question  Is  equivalent  to  asking  whether  the  matrix  m • ^ has  an 
eigenvalue  of  1.  If  the  answer  Is  yes,  the  uniqueness  question  Is 
equivalent  to  asking  whether  the  eigenvalue  1 Is  degenerate. 


Since  the  data  or  the  dielectric  structure  will  probably  not  be 
perfect*  we  should  try  to  satisfy  (27)  as  closely  as  possible.  Me 
Introduce  the  error  vector 


/ - ca  l-iV  < 


(28) 


and  try  to  minimize  Its  amplitude.  If  (27)  can  be  solved  we  will  get 
7*0.  If  It  can't*  tNn  we  will  get  a non-zero  but  minimal  7. 

The  power  contained  In  7 Is  minimized: 
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to  P Is  Hermitlan  and  positive  semi -definite. 

Now  ^ ^ 

• p • i ♦ i**  P • « 0 

If  we  let  fT  • 7 1F*  we  have 
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We  Independently  but  simultaneously  set  the  coefficients  of  iJ  and  ib 
to  zero: 

A" 

which  Implies  that 

p . I s O (38) 

This  equation  may  or  may  not  have  a solution.  Ue  do  an  eigenvalue 
analysis  of  the  matrix  1^.  The  eigenvalues  are  real  and  non*negat1ve. 

If  there  are  no  eigenvalues  considerably  smalT  than  1,  then  the  observations 
are  Inconsistent  with  the  mathematical  model.  If  there  Is  a single  near- 
zero eigenvalue*  the  solution  (eigenvector)  Is  unique  and  F has  been 
obtained  apart  from  a constant  multiplicative  factor.  . 

If  there  are  several  near- zero  but  distinct  eigenvalues*  then  the 
corresponding  eigenvectors  are  orthogonal.  Several  possible  F vectors 
have  been  obtained  which  are  consistent  with  the  data.  The  disastrous 
case  occurs  when  the  near-zero  eigenvalues  are  degenerate.  The 
eigenvectors  are  not  necessarily  orthogonal  * and  F can  be  taken  as  any 
linear  combination  of  them.  There  Is  a whole  range  of  possi^^le  Impedance 
spectra  depending  on  the  choice  of  constants  of  combination. 

Tlte  solution  of  equation  (38)»  when  It  exists*  gives  the  transform 
of  the  vertical  masmetlc  field*  H^^/k^)*  except  for  a multiplying  factor. 

If  the  fleld-strengt*^  i*i2(x)|  has  been  measured  In  addition  to  the 
ratio  N(x}*  ths.n  ParsevaVs  theorem  can  be  used  to  detennine  the 


a 
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•nplltude  of  the  missing  factor.  The  power  Is  forced  to  be  equal  In 
both  domains.  The  phase  of  the  factor  cannot  be  recovered  from  the 
observations  because  It  represents  an  absolute  phase  rr'tative  to  the 
transmitter.  However,  when  the  receiver  Is  practically  coincident 
with  the  transmitter,  the  absolute  phase  of  the  mannetlc  fields  Is 
the  same  as  the  transmitter  current  phase  (the  fields  are  quasi-static 
for  ranges  Th1«  condition  can  be  used  to  determine  the  phase  of 

the  missing  factor  even  though  It  does  not  come  from  the  observations. 

From  equation  (19). 
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Me  have  recovered  the  Impedance  spectrum. 
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III.  Converting  Z to  c 


It  is  not  the  purpose  of  this  paper  to  discuss  the  actual  process 
of  Inversion,  but  rather  to  set  the  problem  up  for  application  of  the 
Backus-Gilbert  inversion  method  (Wiggins,  1972,  Gilbert,  1972,  Parker,  1970). 
The  development  is  nearly  identical  to  that  of  Parker  (1970)  for  inversion 
of  geomagnetic  data  into  mantle  conductivity  information. 

We  return  to  equation  (12),  which  is  an  expression  of  the  wave 
impedance  as  it  depends  on  of  horizontal  waveninnber  and  on  the  dielectric 
structure  We  generalize  Z(lg)  to  include  its  variation  with  depth,writing 
the  generalized  variable  as  Z(z;l^.  We  can  substitute  Maxwell's  equations 
into  (12)  and  obtain  a non-linear  differential  equation  for  Z which  can  be 
solved  numerically  starting  at  the  bottom  of  the  model.  This  corresponds 
to  the  so  <t1on  of  the  forward  problem  as  discussed  in 'section  I. 

!t  turns  out  to  be  algebraically  advantageous,  however,  to  Introduce 
the  wave  admittance. 


Y(z;W 


Ey(z;M 


(41) 


The  variable  Y separates  from  the  variable  e(z)  In  the  differential 
equation  in  a way  which  allows  easy  derivation  of  the  Freche;t  kernels 
which  are  required  in  the  Inversion  iteration. 
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Once  (43)  has  been  solved  for  a given  £ (z),  then  a perturbation  in  C 
generate  a perturbation  In  Y(z;k),  particularly  In  the  observable 
Y(0";k).  It  Is  this  property  which  allows  Iteration  to  a model  for 
£(z)  wnich  fits  the  observations. 

Taking  perturbations  on  (43) 

^ ^ (44) 


Introducing  the  function 
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so  that 


(46) 


M get 


- I e’^SY]  = - lacs'*) 


(47) 
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For  I ■ 0,  this  Is 


(49) 


and  thus  the  Frechet  kernel  for  the  observations  Is 


p ^ 4 ^ = — I 


(50) 
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where 
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It  should  be  noted  that  the  kernuls  defined  by  (50)  and  (51)  can 
be  derived  In  analytic  form  for  a postulated  structure  of  constant- 
dielectric  layers.  In  this  case  the  ratio  of  the  analytic  values  for 
H and  E defines  Y,  so  the  required  integration  In  (51)  can  be 
performed  exactly.  Although  a non-linear  differential  equation  was 
used  to  derive  the  kernels,  It  Is  not  necessary  to  continue  treating 
them  In  that  form. 

If  we  regard  the  structure  as  a message  which  has  to  be  transmitted 
through  the  kernels  of  (50)  to  become  observable,  we  can  see  what 
structural  information  is  found  in  what  data.  Let  us  assume  a starting 
structure  of  a homogeneous  halfspace,  and  investigate  the  observability 
of  small  perturbations  to  that  structure. 

The  Fr^chet  kernels  In  this  case  are  given  by 

-2.1*  - ki  ' 

^homogeneous  * " ^ (52) 

As  long  as  k/'<  the  exponential  has  an  absolute  value  of  1 

(assuming  a lossless  medium),  and  information  content  is  uniform  with 

9 % 

depth.  For  k^  , the  exponential  decreases  with  depth.  The 

attenuation  distance  is  — * . Therefore,  the  higher  ^patial 

frequencies  yield  Information  only  for  the  uppermost  part  of  the  structure. 


IV.  Discussion  and  Conclusions 


He  have  demonstrated  that  under  Ideal  conditions  It  Is  possible 
to  recover  a single  Impedance  spectrum  from  traverse  observations  of 
1)  the  ratio  (Including  phase)  of  vertical  to  horizontal  magnetic  field, 
and  2)  the  amplitude  of  either  the  horizontal  or  vertical  field.  Non> 
Ideal  conditions  (data  with  errors,  non-layered  structures,  and  possibly 
some  layered  structures  with  unfortunate  e(z)  functions)  lead  either 
to  no  spectrum  which  Is  consistent  with  the  data  or  to  several  spectra. 

He  have  derived  the  Frdchet  kernels  which  can  be  used  to  iteratively 
Improve  a model  e(z)  until  It  fits  the  observed  1^;>edance  spectrum  as 
closely  as  possible.  We  have  considered  the  possibility  that  several 
distinct  Impedance  spectra  may  explain  one  set  of  observations.  It  Is 
also  possible  that  several  distinct  models  e(z)  may  explain  one 
Impedance  spectrum. 

A major  contribution  of  this  study  Is  the  demonstation  of  the 
usefulness  of  the  phase  measurement.  Past  applications  of  radio 
Interferometry  have  used  Instrumentation  which  measured  only  the 
amplitude  of  the  two  components  ^nd  By  making  the  phase 
measurement  It  Is  possible  to  work  the  data  back  to  a quantity  (the 
Impedance)  which  Is  very  closely  tied  to  the  structure.  From  a computa> 
tional  viewpoint,  this  Is  considerably  more  efficient  (see  Fig.  3)  because 
we  have  eliminated  a computational  step  In  the  Iteration  loop  of  the 
Inversion  procedure.  The  computer  time  Investment  In  the  eigenvector 
determination  win  pay  off  If  many  iterations  are  required  to  converge 
to  the  required  structure. 
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The  results  of  this  paper  have  been  derived  for  an  Impractical 
and  non-existent  energy  source.  The  corresponding  analysis  for  a 
dipole  source  Is  under  way.  In  the  meantime.  Inversion  of  synthetic 


line-source  data  Is  being  attempted. 
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FIGURE  CAPTIONS 
Figure  1 

The  line  current  transmitter  lies  along  the  y«ax1s  on  the  surface 
of  the  dielectric  halfspace.  The  receiver  traverses  In  the  x direction. 
Positive  z Is  up. 

Figure  2 

The  received  magnetic  field  strength  varies  with  range  from  the 
transmitter.  The  peak-and>nu11  pattern  Is  due  to  Interference  between 
waves  of  different  velocity  traveling  In  the  vacuum  md  dielectric 
half  spaces. 

Figure  3a 

Block  diagram  of  data  Interpretation  for  measurements  without 
relative  phase  between  components.  Fourier  transforms  are  performed 
at  each  step  of  the  Inversion.  There  Is  no  Indication  vdiether  the 
data  are  consistent  with  a layered  model. 

Figure  3b 

Data  Interpretation  for  measurements  containing  relative  phase. 
Neasurements  are  transformed  one  time  .ather  than  model  parameters 
being  transformed  many  times.  Eigenvector  analysis  gives  an  Indica- 
tion of  uniqueness  and  compatibility  with  a layered  dielectric  structure 
model. 
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FIGURE  3a  INVERSION  OF  PHASELESS  DATA 


FIGURE  3b  INVERSION  OF  DATA  WITH  PHASE 


